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Abstract 
Abstract 
Plateout is an extrusion defect that has caused formulators and processors major 
problems throughout the history of poly(vinyl chloride) (PVC) processing. It is an 
unwanted deposit that forms on the die, calibration and degassing sections of extrusion 
equipment that can cause unacceptable streaking and scoring on the final product through 
continued deposition. Extrusion companies must therefore periodically strip their 
equipment to stop excessive formation, but the downtime associated with this cleaning 
procedure is obviously costly. 
The purpose of this thesis is to develop an understanding of the lubrication mechanisms 
within lead stabilised rigid PVC compounds using polyethylene (PE) wax as a source for 
external lubrication, in order to make formulation recommendations to minimise 
plateou!. 
Plateout samples supplied by commercial processors were analysed to identify deposit 
prone additives. Of the techniques investigated, laser ionisation mass analysis (LIMA), 
gas chromatography/mass spectrometry and infra-red spectroscopy by the diffuse 
reflectance infra-red Fourier transform (DRIFT) method identified calcium carbonate, 
titanium dioxide and dibasic lead phosphite as the bulk of die plateou!. 
Additive interactions were investigated by differential scanning calorimetry (DSC) and 
hot-stage microscopy. Majority of the additives in a lead stabilised window profile 
formulation did not interact, but molten calcium stearate and normal lead stearate did not 
recrystallise when mixed together. 
To simulate commercial processes, a laboratory-scale twin-screw extruder equipped with 
a plateout sensitive die was used to analyse window profile formulations containing 
various homopolymer grades of PE wax and oxidised PE or high-density PE lubricants. 
Structural properties that influence physical properties such as melting point and 
viscosity were related to their tendency to plateou!. The influence of calcium stearate and 
normal lead stearate dosage on lubrication and plateout performance was also 
investigated using experimental design. 
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1 INTRODUCTION AND OBJECTIVES 
1.1 Introdnction 
Plateout is an extrusion defect that has caused fonnulators and processors major 
problems throughout the history of PVC processing. Plateout is essentially insoluble or 
volatile fonnulation ingredients that have separated from the bulk of the polymer melt to 
the surfaces of the degassing, die and calibration sections of extrusion equipment. 
Excessive fonnation of this deposit can cause defects in the extrudate (e.g. streaking and 
scoring) so extrusion companies must, therefore, periodically strip their equipment. For 
continuous extrusion lines, the downtime associated with the stripping procedure is 
obviously costly. 
Although some work has previously been done on detennining the various mechanisms 
that contribute to plateout, practical methods of minimising the defect are still largely 
empirical, anecdotal or kept in-house. 
The aim of this PhD project is to broaden the knowledge base of plateout, to improve the 
efficiency of lead stabilised rigid PVC extrusion. 
1.2 Initial Project Objectives 
1. To review and improve the understanding of lubrication mechanisms with 
respect to plateout in lead stabilised rigid PVC extrusion 
H. To use a laboratory test to simulate plateout 
Ill. To produce guidelines for optimum fonnulations to minimise plateout 
IV. To recommend modifications to current products to minimise plateout 
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1.3 Thesis Layout 
This thesis will be presented III the form of an introduction with project objectives 
(Chapter I) and eight following major sections/chapters. 
Chapter 2 is a literature review that will briefly cover the history of PVC and its 
relevance in the current building and packaging markets. It will then discuss the 
molecular structure and grain morphology of PVC, two features that require the use of 
stabilisers and lubricants, in addition to fillers and pigments, for production and service 
of window profiles. Partial fulfilment of Objective I will be achieved upon discussion of 
current lubrication and plateout theories. 
Chapter 3 describes four experiments that were devised to meet the remaining project 
objectives in terms of polyethylene lubricants and lead stabilisers; the subsequent four 
chapters are the results and discussion for each of these experiments: 
• Analysis of commercial plateout samples to determine plateout sensitive additives 
(Chapter 4); 
• Determination lubricant interactions to provide an indication of what may occur 
in an extruder (Chapter 5); 
• Influence of polyethylene homopolymer properties on die plateout using a 
laboratory twin-screw extruder equipped with a plateout sensitive die (Chapter 6); 
• Influence of calcium stearate, normal (basic) lead stearate and polyethylene 
homopolymer wax dosage on die plateout using the above extrusion equipment 
and experimental design (Chapter 7). 
Chapters 8 and 9 will tie together the findings from the above experiments in general 
discussion and conclusion sections, respectively. 
3 
Chapter 2 
Literature Review 
Chapter 2 Literature Review 
2 LITERATURE REVIEW 
2.1 A Brief Historical Overview ofPoly(vinyl chloride) 
The discovery of vinyl chloride monomer (VCM), the gaseous feedstock for PVC 
homopolymer, was credited to a German student, Victor Regnault, in 18351-4 The 
synthesis of poly(vinyl chloride)itself was not successfully achieved until 1872 when 
Baumann, who based work on poly(vinyl bromide) by Hoffman 12 years earlier, 
observed that vinyl chloride monomer in a sealed tube exposed to UV light produced a 
white precipitate that melted and then decomposed above a temperature of 130°C. 
The first patent for the commercial synthesis of PVC by free radical polymerisation was 
awarded to Chemische Fabrik Greisheim-Elektron in 1914. Unfortunately, the product 
was too thermally unstable for the manufacturing technology at the time, so the product 
never saw any significant commercial use until the discovery of heat stabilisation by 
alkaline earth soaps. Union Carbide commissioned a plant in 1936. 
Around the same time, BF Goodrich developed plasticisation of PVC by tritolyl 
phosphate for the coating of metal substrates and wire & cable. A joint venture between 
BF Goodrich and Union Carbide set out to produce rubber-like high molecular weight 
plasticised PVC sheet using a vinyl chloride-vinyl acetate copolymer. 
PVC was used extensively in military applications during the Second World War and, in 
the following years, the industry went through a period of innovation. The success of the 
material saw an increase in manufacturers and production in the US reached 
approximately half a million tonnes. 
A major setback occurred in the early 1970s when it was discovered that VC monomer is 
carcinogenic, and was subsequently attributed to the deaths of American plant workers 
by angiosarcoma (cancer of the liver) around the same time. Improved safety procedures 
were introduced and exposure limits at PVC plants were subsequently cut from -500ppm 
to 2-5ppm in 1976. 
The industry managed to recover but certain technologies have been attacked since, e.g. 
phthalates in plasticised PVC in the 1980s. The industry is currently undergoing a period 
legislation and self-regulation in order to improve sustainability and public perception, of 
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which key objectives include the elimination of cadmium and lead in the European 
Union by 2003 and 2015 respectively5-7, and improved recyc1ablility. 
2.2 Properties and Applications of Rigid PVC 
Although PVC is inherently unstable to heat and ultra-violet light, it is still possible to 
effectively use PVC in a multitude of applications by tailoring the formulation along with 
physical properties, such as the average molecular weight (K-value) and molecular 
weight distribution. In general, rigid PVC possesses the following beneficial attributes]: 
• Good chemical resistance 
• Low permeability to air 
• Low taint (transference of taste or aroma to water and foodstuffs) 
• Low cost 
• Low flammability 
• Excellent weathering behaviour (depending on formulation) 
• High clarity (depending on formulation) 
• Rigidity and toughness (depending on formulation) 
2.2.1 Pipes and Fittings 
The largest global market segment for rigid PVC is represented by pressure pipe for 
water and gas, unpressurised pipe for drainage/sewerage, conduits for wire & cable and 
their associated fittings 7. It is still the most used material for thermoplastic pipelines 
because of its superior strength and stiffness properties versus cost compared with its 
main rivals, polyethylene and polypropylene8; recent technological developments have 
overcome problems that might have otherwise deferred its selection to other materials, 
e.g. push-fit rubber rings or solvent welding9 to counter the inability to join individual 
segments by butt-welding, a technique easily performed with polyolefins. 
Processing conditions and formulations must be optimised to ensure that properties are 
maintained throughout service. E.g. hydros~atic applications require that the pipe 
possesses the correct degree of fusion to prevent creep rupture since pores and cavities in 
the pipe wall act as initiation sites for either rapid or slow crack propagation/growth 
respectivelyIO,II. 
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Modifications to the formulation and/or processing parameters have also enabled PVC to 
break into areas of the pipe market that would not be possible otherwise. These include: 
• Chlorinated PVC for hot water applications. 
• Biaxial orientation of the pipe to improve creep resistance and obtain thinner 
walled products. 
• Alloying with EPDM rubber or chlorinated PE to produce high-impact PVC 
2.2.2 Window Profiles 
The second significant market for rigid PVC is the building industry where profiles 
represented approximately 20% of the PVC market in Western Europe in 199612• As with 
pipe, profiles are high performance products that must be carefully formulated to obtain 
satisfactory weathering, gloss, structural stability, strength and fatigue properties. 
2.2.3 Sheet and Film 
The sheet and film market is very broad and encompasses both rigid and plasticised 
PVC. Rigid PVC sheet is commonly used in the building industry for roofing in either 
flat or corrugated form. As with profiles, roofing is a demanding application and the 
material must be carefully formulated and processed to achieve the minimum 30 year 
lifetime specification. 
Rigid PVC sheet and film are also widely used for packaging, where applications range 
from cling film to blister packs for pharmaceutical products. Compared to roofing, the 
criteria for packaging products are very much different. In most cases they must be clear 
and transparent (being able to see one's product is a consumer quirk) and have minimal 
taint properties. 
2.2.4 Blow Moulding 
The significant advantages of PVC make it an ideal material for bottles, jars and other 
blow moulded products. New technologies, such as biaxial orientation, have improved 
the drop resistance, burst strength, modulus, permeation, transparency and brilliance l3 
which has expanded the application range further. 
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2.2.5 Miscellaneous Extruded Sections 
The versatility of rigid PVC can be illustrated further by considering the construction 
industry which makes use of various forms of extruded PVC products in the form of 
fencing, foamed and solid fascia boarding and imitation wood. 
2.3 Molecular Structure 
PVC is a polymeric molecule consisting of multiple vinyl chloride units [Figure 2-1]. 
H H 
I I 
-C-C-
I I 
H Cl 
Figure 2-1: PVC repeat unit 
A single substitutional chlorine atom allows many configurational and conformational 
isomers to occur which affects the degree of packing and, hence, crystallinity of the 
material. It is generally accepted that crystallinity is dependent on the number of short 
runs of syndiotactic units aligned from different chains arranged in a fringed-micelle 
formation 14. Commercial grades possess approximately 54-56% syndiotactic units 
resulting in an overall crystallinity of 10%. Chain defects, such as branching or 
unsaturated carbon-carbon bonds, also influence crystallinity to a lesser degreel5• 
2.3.1 Configurational and Conformal Isomerism 
When in a head-to-tail arrangement, vinyl chloride monomer units can be ordered in any 
of the three configurational isomers 16 [Figure 2-2]. Definition of any configurational 
isomer is dependent on a minimum of three monomer units (a triad), although pairs of 
monomer units (diads) are used to describe the stereoregularity of the molecule. Diads 
are either me so (m) with the substituents (substitute atoms) on the same side of the chain, 
or racemic (r) on opposite sides of the chain. 
By considering Figure 2-2b, it can be seen that the syndiotactic structure displayed is rrr 
as the chlorine atoms in anyone diad are on opposite sides of the molecule. The atactic 
structure [Figure 2-2c] is rmr because the first diad possesses chlorine atoms on the 
opposite side (r), then the same side in the second diad (m), and finally on the opposite 
side in the third diad (r). 
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a) 
b) 
c) 
HCIHCIHCIHCI 
I I I I I I I I R-C-C-C-C-C-C-C-C-R 
I I I I I I I I 
H H H H H H H H 
H Cl H H H Cl H H 
I I I I I I I I 
R-C-C-C-C-C-C-C-C-R 
I I I I I I I I 
HHHCIHHHCI 
HCIHHHHHCI 
I I I I I I I I 
R-C-C-C-C-C-C-C-C-R 
I I I I I I I I 
H H H Cl H Cl H H 
Figure 2-2: Tacticily variations in PVC 
a) isotactic mmm, b) syndiotactic rTT, c) atactic rmr 
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The overall tacticity of each molecule is determined by the favoured energy state: if the 
enthalpy difference between an isotactic or syndiotactic state is large, then the molecule 
will assume the arrangement of the lowest energy state. Conversely, the random (atactic) 
configuration will occur ifthe enthalpy difference between the two states is low. 
Using the NMR l3C technique, Pham et al. I? showed that the degree of syndiotacticity is 
dependent on polymerisation temperature [Table 2-1]17. Due to repulsion of the highly 
electronegative chlorine atoms, the most stable structure is one that possesses these 
substitutional atoms as far apart as possible (i.e. the syndiotactic variant). Adding extra 
heat to the system increases the kinetics of the reaction and, hence, the enthalpy 
difference between stable states is diminished resulting in a greater tendency towards the 
atactic form. 
Table 2-1: Syndiotacticily of pvc as a function of temperature 
Polymerisation Fractional 
Temoerature, DC Syndiotacticity 
55 0.55 
25 0.57 
0 0.60 
-30 0.64 
-50 0.66 
-76 0.68 
Rotation about C-C bonds in the molecular backbone results in different conformers for 
any given configuration. Again, the favoured conformer is the one with the lowest 
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potential energy state due to the large chlorine atoms introducing steric hindrance. It 
follows that the most stable conformer within the syndiotactic structure is one with 
chlorine atoms staggered either side of the backbone. 
2.3.2 Chain Defects 
Chain defects are known to be initiation sites for the thermal and photochemical 
decomposition of PVC18•26 due to weak bond dissociation energies at these points27. 
Analytical models of highly ordered defect-free PVC molecules have shown their 
compounds are resistant to dehydrochlorination at temperatures in excess of 200°C. In 
reality, such regular structures are not possible due to cost and production rate limitations 
associated with slowing down the polymerisation reaction through extreme cooling, and 
degradation can occur as low as 100°C. 
Braun and Bezdadea22 grouped the sources of chain defects, whilst the full range of 
irregularities is best summarised by Titow I8•25 ,26 [Table 2-2]: 
a) Those resulting from chain transfer during polymerisation. I.e. chain branching, 
unsaturation, labile chlorine, and long chain ends; 
b) Those caused by oxidation reactions during polymerisation, storage of plastic 
material, and melt processing, i.e. carbonyls, carboxyls, hydroperoxides, and 
peroxides. 
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2.4 PVC Polymerisation 
VCM is converted to PVC by free radical polymerisation28: 
1. Initiation 1----721· 
r I· +M ----7 R· 2. Propagation l I = Initiator R·+M ----7R M = Monomer 
3. Chain Transfer R·+M ----7 P+R 
R = Radical 
P = Polymer 
{ 2R· VCI\! ) 2P 4. Termination 2R· PVCIVCI\! ) 2p· 
Figure 2-3: The free-radical polymerisation of pvc 
The first step (I) [Figure 2-3] in the polymerisation process is the decomposition of an 
initiating molecule (e.g. peroxides or azo-compounds), to yield free radicals that react 
with the double bond in VCM29. The resulting monomer radicals react with other 
monomer molecules in a propagating (chain building) mechanism (2), i.e. sequential 
head-to-tail (preferred) or head-to-head additions of monomer units onto existing 
macromolecules23 . 
Breitenbach et al. 30 proposed chain transfer to be an alternative reaction that occurs 
during chain growth (3). Instead of sequential growth by propagation, active species 
transfer from the growing chain to a new independent site. Chain transfer is exploited 
commercially to tailor the molecular weight (K-value) and chain end structure of PVC 
[Figure 2-4]. 
.......... CH'-iH' CH;::C< vc CH2"y-CH,yH< 
+ I • 
Cl Cl Cl Cl 
Cl 
I vc CH2"CH-CH'yH< 
.......... CH2-iH + CH,_CH< • 
/'CH'iH< 
Cl 
+ 
CH2"yH Cl 
Cl 
Cl 
.......... CH2-iH' CH-=C VC yH=CHCH'yH< 
+ I • Cl Cl Cl Cl 
.......... CH=CH CH'yH< VC CH2"C-CH,CH< I + • I I 
Cl Cl Cl Cl 
Figure 2-4: Chain transfer mechanisms 
tEnd01 
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Literature Review 
Head·lo·head bond Cl Cl 
/CH2 ..... CH2 \JH ..... JH /R 
R' 'CH 'CH 'CH 'CH I I 2 2 
Cl er 
Figure 2-5: Chain termination 
(Top) disproportionation; (Bottom) combination 
Polymerisation terminates through the loss of active chain ends by the addition of 
terminating agents (e.g. trichloroethylene, thiolesters, isobutyaldehyde) or by direct 
interaction [Figure 2-5]. Interaction via the combination mechanism can be a source of 
head-to-head chain defects33 . 
2.4.1 Suspension Polymerisation 
Suspension polymerisation is the most widely used method of manufacturing PVC, 
accounting for approximately 80% oftotal global output. 
Formation of individual particles of PVC is achieved by taking advantage of the VCM's 
inability to dissolve in water. A suspension of liquid droplets is obtained by using a 
protective colloid/pericellular skin such as cellulose derivatives or partially hydrolysed 
poly(vinyl acetate) (PVA)34.35 and applying vigorous agitation. Polymerisation within 
these suspended VCM droplets is promoted through the use of a monomer soluble 
initiator whilst a buffer solution is added to ensure that the correct pH is maintained 
throughout the process. 
Precipitation occurs when the molecule is 6-10 monomer units in length. The physical 
properties of the material (e.g. particle size, porosity and size distribution) can be altered 
by varying conditions in the reactor, e.g. using different dispersing systems, altering the 
amount of stirring3.34.35 or terminating the process at a certain conversion level, typically 
75_90%35.36. Intensive degassing is then performed in order to meet health and safety 
requirements. 
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2.4.2 Bulk/Mass Polymerisation 
The Bulk Process3,29,36 is the oldest method of PVC manufacture but only represents 
around 15% of world production. 
The process can be viewed as the dry version of the newer suspension process that 
enables a cheaper and simpler production plant due to the smaller reactor and non· 
requirement for the material drying stages. However, heat removal from the material, 
control of particle size and fouling of the reactor walls can be significant problems and 
were principle reasons for the development of the suspension process. 
The advantages of the bulk process over the suspension process are a reduction of raw 
materials and absence of chemical effects caused by residues and hydrolysed PV A 
pericellular skin. These advantages were sufficient reason for the development of a two-
stage reactor system that has subsequently allowed greater flexibility of the whole 
process and material properties. 
The first stage develops the micro-domain and pnmary particle structure up to a 
conversion of 8-12%. The material is then transferred to a series of, usually, five second 
stage reactors where the desired final conversion level is achieved and the remaining 
VCM is flashed away. 
14 
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2.5 PVC Grain Morphology 
The most influential characteristic for any given batch of unplasticised PVC powder, 
with regards to quality control and success during processing and application, is its grain 
morphology. The recommended terminology for discussion was proposed by Geil during 
the Second International Symposium on PVC in Lyon, 197637 [Table 2-1 and Figure 
2-6]. 
Agglomerate (5ILm) 
Sub.grain (50ILm) 
+-- Primary particle (1ILm) 
... __ ...... Micro.domains 
(10nm, or 200A) 
Figure 2-6: Schematic of PVC grain morphology 
Approximate size 
Term Range Average 
(~m) (~m) 
Grain 50 to 250 130 
Sub-grain 10 to 250 50 
Agglomerate 2 to 10 5 
Primary 0.6 to 0.8 1 particle 
0.2 Domain 0.1 to 0.2 (200 nm) 
Micro- 0.01 to 0.02 0.02 domain (20 nm) 
Table 2-3: PVC nomenclature 
[Geil] 
Description 
Visible constituents of free flowing powders. made up of more than 1 
rnonomer droplet 
Polymerised monomer droplet 
Formed during early stage of polymerisation by coalescence of primary 
particles (1-2 ~m). Grows with conversion 
Grows from domain. Formed at low conversion (less than 2%) by 
coalescence of micro-domains: grows with conversion 
Primary particle nucleus. Contains about 103 micro-domains. Only observed 
at low conversion « 2%) or after mechanical working, Term only used to 
describe 0.1 mm species: becomes primary particle as soon as growth starts 
Smallest species so far identified. Aggregate of polymer chains - probably 
about 50 in number 
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2.5.1 Effect of Manufacturing on Grain Morphology 
SPECIES 
INmATION ~ 
R'+ VCM -+ Coiled Macro RadiCals &" ~ 
1st AGGREGATION STEP .... sO 
Micro· Domain @ 
2nd AGGREGATION STEP ~ -10' 
Domain ~. 
(Primary Nucleus) 
GROWTH (INTRA-PRIMARY) + 
~~':~!o 
3td AGGREGATION STEP ~ i Scale 
~-.® 
GROWTH IINTER-PRIMARY) i i Scale 
Fused 
Aoolomerate 
4·10~ 
Literature Review 
lOO-200A ? 
0'1-0'2ym 
l>'6-0·Sym 
1- 2pm 
Figure 2-7: The development of morphology during polymerisation 
{Allsopp] 
Precipitation of PVC from the VCM precursor occurs when the molecules are around 6-
10 monomer units long. This is followed by aggregation into unstable negatively charged 
micro-domains of approximately 50 chains [Figure 2_7)34,48. Continued growth of these 
micro-domains results in coagulation into primary particles. Above 2% conversion, 
development of new particles stops and further growth only takes place at sites on 
existing primary particles. 
Of all manufacturing processes used in the production of PVC (including emulsion and 
gas phase for use in plasticised PVC applications), the micro-morphology, i.e. primary 
particles and smaller, is roughly the same34• It is only when considering the macro-
morphology that the individual manufacturing routes differ. 
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2.5.1.1 Suspension Polymerisation 
The polymerisation of PVC occurs inside droplets of VCM with a protective PVA 
colloid to control (or prevent) droplet coalescence within a water medium. The final size 
and porosity of the grains is determined at low conversion (5-15%) so the degree of the 
protection offered by the colloid at this stage is criticaI34•35 • Very good protection results 
in the agitated monomer droplets being completely stable against coalescence to produce 
spherical, fine sub-grains of low porosity whereas poor protection results in very large 
grains of high porosity. An intermediate level of protection produces the desired 
morphology through controlled coalescence. 
Above 15% conversion, coalescence ceases. At approximately 30% conversion and a 
diameter of Iflm4o, an increase in density is observed as the VCM (0.85 specific gravity) 
is converted to PVC (1.40 specific gravity). This increase in density is associated with 
contraction as the primary particles agglomerate, which continues until around 65-70% 
conversion, when the PVC absorbs any unreacted VCM. A fall in internal pressure is 
subsequently experienced causing the grain to collapse and rupture, forming the 
characteristic cauliflower appearance of suspension PVC grains. Further rupture and 
folding occurs as conversion increases upon termination at 80-95%. The remaining VCM 
is vented from the reactor and recycled. 
2.5.1.2 Bulk Polymerisation 
The early stages of bulk grain development follow the same initial steps as the 
suspension technique, but the method in which the primary particles are formed depends 
on the stabiliser in the first reactor stage 46: 
1. steric stabilisers form mono-dispersed pnmary particles up to 1-2!1ill III 
diameter; 
2. electrostatic stabilisers utilise the negative charge of the micro-domains causing 
them to repel from each other - when their diameter increases, the potential 
between adjacent particles gradually decreases until a critical diameter is 
reached and attractive Van der Waal's forces dominate causing coagulation and 
agglomerates of 1-2flm in diameter. The degree of packing of these 
agglomerates is dependent on the amount of agitation applied. 
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The temperature in the first stage reactor influences grain porosity; higher temperatures 
allow more efficient packing of aggregates to produce lower porosity. At 8-12% 
conversion, the material is transferred to the second stage reactors where the level of 
conversion at termination determines the final porosity (lower levels produce higher 
porosity). 
2.6 Thermal Degradation 
PVC is a thermally unstable polymer that is capable of degrading at temperatures as low 
as 100°C. The activation energy for degradation is between 20-25.9 kcal/mol, which is 
very low compared with other commodity polymers such as polyethylene, polystyrene 
and polypropylene (46, 55, and 65 kcal/mol, respectively)ls. 
Thermal degradation is by dehydrochlorination or autoxidation, both of which occur 
simultaneously and are co-dependent to an extent. Controlling these two mechanisms is 
essential to prevent embrittlement and/or discolouration of the final product after 
processing. PVC is also readily aged by ultra-violet light (i.e. photo-oxidation by 
hydroperoxides) during service. 
2.6.1 Dehydrochlorination 
Degradation of PVC by dehydrochlorination is possible by either free radical or ionic-
pair mechanisms24• 
Free Radical Mechanism 
Free radical degradation [Figure 2-8t2 is initiated at internal defect sites, i.e. labile 
tertiary chlorines, allylic chlorines or head-to-head chlorines24,43'26, which release 
chlorine radicals that interact with adjacent hydrogen atoms to form unsaturation in the 
main chain. 
Figure 2-8: Free radical degradation of PVC 
{Starnes] 
18 
Chapter 2 Literature Review 
Further interaction between chlorine radicals and the newly fonned unsaturated molecule 
produces more radical sites at adjacent secondary carbons that, in turn, become 
unsaturated releasing more chlorine radicals. This propagation of unsaturated carbon 
bonds to fonn polyene sequences has been dubbed the zipping of PVC. The brown 
colouration associated with degradation is noticeable when the polyene sequence is 6 
units long31 •32• Tennination is achieved by combining two chlorine radicals. 
Ion-pair Mechanism 
The ion-pair mechanism is the currently acknowledged method for the propagation of 
existing polyene structures[Figure 2-9f4. 
-CH=CH-CHCI-CH,-
CI-
-CH=CH-CH-CHc -He! 
Cl-
iCH=CHt!CH-CH1- .:.!!E.. 
-fCH=CHr,CHCI-CH.- - ale. 
Figure 2-9: Degradation of pvc by the ion-pair mechanism 
[Stamesj 
The polyene structure can undergo a couple oftransfonnations [Figure 2-10]: 
I. it can bind with HCl in an ionic (halochromatic) reaction to yield a dark coloured 
carbonium salt and a free chloride ion - the liberated chloride ion can take part in 
further zipping of PVC as in Figure 2-8; 
2. it can be oxidised to a number of structures which undergo further autoxidative 
decomposition. 
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terminal carbonyl and 
carboxyl groups 
Figure 2-10: Dehydrochlorination of pvc by the degradation of chain defects 
Ischeme by WegmannJ 
2.6.2 Autoxidation 
Three possible autoxidation processes may occur during extrusion [Figure 2-11]: 
.) 
b) 
c) 
H 
/0' /OH 
° ° 
"h" heat I "yY" PVC -H2O "yY" "yyR - RyCy" - - -shear Cl Cl Cl Cl Cl Cl Cl Cl Cl Cl 
stress 
l PVC 
Q. 
° 
RyY" chain " 11 
- TR scission Cl Cl Cl 
R~.2--~ 
polyene (light coloured) / ........ p cyclic peroxide, not conjugated (colourless) R 0 
0, 
- R~TR~ keto-polyene (dark) 
OH 
chain scission: formation of segments with 
terminal carbonyl and carboxyl groups 
Figure 2-11: Autoxidation of PVC 
Ischeme by WegmannJ 
a) The formation ofa ketone group on the main chain. As shown in Figure 2-10, this 
chain defect is a source of dehydrochlorination. 
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b) Oxidation of the coloured polyene structure formed during dehydrochlorination 
benefiting from the presence of oxygen, as the cyclic peroxide by-product is 
colourless. This can be considered unusual due to the autocatalytic effect of 
oxygen and HCl on dehydrochlorination. 
c) An alternative to (b), hydroperoxide is produced resulting in a dark keto-polyene 
structure after decomposition. This can undergo further chain scission forming 
more reactive ketone and carbonyl groups, and unsaturation. 
2.6.3 Photo-oxidation 
The initiation of photo-oxidation by ultra-violet light occurs between the wavelengths of 
295 and 400nm for conventional polymers and is therefore a threat to polymeric products 
in outdoor applications. 
Defect free PVC does not absorb UV light above 220nm31 , but the presence of light-
sensitive double bonds (chromopores), and other reactive species, significantly reduces 
the photo-stability of PVC as longer wavelengths are absorbed. 
Articles that have undergone photo-oxidation are characterised by a loss in gloss, yellow 
discolouration or cracking that can impair the mechanical properties (embrittlement) and 
aesthetic value. Crosslinking and/or chain scission mechanisms are the causes of these 
effects [Figure 2-12a-c]: 
a) 
b) 
cl 
R-fCH=CH~?H -R 
Cl 
R-{CH=CHtCH:'R + 02 
n 
uv 
R-\CH=CHtHC-R 
n I 
°"0' 
Figure 2-12: Peroxidation of chloro-polyene molecules by UV light 
* Excited chain 
. 
+ Cl 
(a) Chromopores situated in the PVC backbone become excited upon the absorption of 
UV light leading to (b) chemical reactions that result in the cleavage oflabile tertiary 
21 
Chapler 2 Literature Review 
chlorine atoms. (c) Oxidation of the active allylic structure results in peroxy radicals that 
undergo decomposition [Figure 2-13]. 
a) 7 2-tCH =CH};-1-11 ~ R-fcH=CH*lI-I1 I R -(CH=CH t1-11 
0 .... 
0
• 
b) 
c) R-CH2-CCI--CH2-R 
I, 
0 
RH 
~ 
o 
2-CH2-CCI-CH2-R + 02 
I, 
o 
R-CH2--CCI-CH2-R + R' 1 
OH 
J 
R-CH2-C-CH2-R + HCI 
11 
0 
{!.scission 
OH 
Cro~inking 
T R-CH2-C-CI + Olain Scissim 
L " 
....;;0. R_"~_CH2-R 
11 
o 
Figure 2-13: Free radical reactions on photo-oxidation of PVC 
(a) Peroxy radicals formed by the absorption of UV light decompose to keto-polyene 
and hydroperoxides and release oxygen that oxidises other labile chlorine atoms, as in 
Figure 2-12b. (b) a-chloro peroxy radicals, formed by the cleavage ofa tertiary hydrogen 
as opposed to tertiary chlorine [Figure 2-l2b], can crosslink with each other or 
decompose leaving peroxy radicals. 
(c) The peroxy radicals can undergo several alternative reactions upon combination with 
PVC (RH) molecules, but all result in species that are capable of dehydrochlorinating or 
oxidising PVC further. 
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2.7 PVC Processing 
2.7.1 Fusion 
As PVC particulates are porous, it is up to the processor to apply sufficient temperature 
(-190°C4l), pressure and shear to breakdown the porosity and fuse the individual 
particles together to the desired shape. 
A useful tool for establishing the fusion behaviour of a given compound is the torque 
rheometer. The compound, of a given mass, is packed into a preheated chamber with 
rotating twin screws/mixing blades and a data recorder analyses the torque exerted on the 
screws with respect to time. The resulting data [Figure 2-14] assists the processor in 
determining a balance between good processing and product characteristics52 : 
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Figure 2-14: A torque rheometer curve 
Fusion time 
Cl) 
I-
The time from the start of the test (excluding the preheat), to that of the highest torque, as 
it is assumed that the melt is at maximum viscosity when at the maximum fusion level. A 
rapid fusion time can result in overheating, roughness and degradation of the final 
product, whilst a long fusion time raises the possibility of unmelted PVC powder in the 
gelled matrix53. A long fusion time is indicative of a high amount of extemallubrication 
ofthe compound; 
23 
Chapter 2 Literature Review 
Torque atfusion 
When the PVC is fully gelled, i.e. at maximum viscosity. This figure is dependent on 
both internal and external lubrication due to the lowering of melt viscosity (internal) and 
increased amount of wall slip (external). Both factors lead to lower torque values; 
Stability time 
Characterised by a sudden rise in torque due to crosslinking. Longer times represent good 
lubrication and stabiliser systems. 
Transferring the torque rheometer data directly to an extrusion process is risky as the 
fusion process inside twin and single screw extruders is very much different to the 
traditionally regarded mechanism inside torque rheometers55. The aggressive shear inside 
rheometers breaks down the l!lm primary particles, but not the domain structure, before 
fusion, whilst extruders are less intensive and deform the structure before melting. These 
processes have been dubbed the comminution mechanism for torque rheometers and the 
compaction, densification, fusion and elongation mechanism (CDFE) for extruders 
[Figure 2-15]. 
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Figure 2-15: Mechanism offusion during processing 
{AlIsoppj 
2.7.1.1 The Effect of Fusion on Properties 
DIRECTION 
SHEAR 1 OF 
Mechanical properties are greatly influenced by the degree of fusion within the material. 
It has been suggested that strength continually increases with the level of fusion until a 
plateau is reached, toughness passes through a maximum at 60_70%56, probably due to 
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the remaining small amount of pnmary particles acting as stress distributors57• 
Elongation at fracture and gloss58 also pass through a maximum but yield strength is not 
believed to be affected by the degree of fusion. 
In light of the above, fusion optimisation is essential to obtain satisfactory properties, 
which is particularly true for high perfonnance products such as pressure pipe where the 
presence of a continuous phase of pores will dramatically reduce hydrostatic strengthll . 
Finding the correct balance of processing aid with internal and externally behaving 
lubricants is possible with the use of designed experimental software, such as ECHlp@, 
as shown by Van Soom59. 
2.7.2 Manufacture of PVC Products 
The conversion of raw PVC feedstock to a final product via the CDFE mechanism can be 
broken down to three distinct processes, namely mixing, compounding and shaping61 
[Figure 2-16]. 
2.7.3 Mixing 
MIXING 
(ORY BlENDING) 
COMPOUNDING 
SHAPING OF 
HOT COMPOUND 
FINAL. END PROOUCT 
PELLETIZING 
SHAPINQOF 
PELLETS' 
"If material is cold, healing step is required. 
Figure 2-16: Overview of PVC processing 
The necessity of additives and fillers to be incorporated in a PVC fonnulation means that 
a thorough blending step is essential prior to extrusion. Rigid PVC compounds are 
usually dryblended to produce a free flowing powder ready for extrusion. The use of 
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small gelled PVC/additive pellets for extruder feedstock60 can also be used for improved 
health and safety. 
High-speed mixers produce free flowing dryblends using rotary blades that achieve 
speeds of several thousand rpm. The high rotation speed has a twofold effect: I) it 
generates a vortex that guarantees good distribution of additives throughout the PVC 
powder, and 2) it ensures good dispersion by breaking down agglomerates or fragile 
particles, such as calcium carbonate and tri-basic lead sulphate39. Heat, supplied by a 
heating jacket or through friction, shortens cycle times but it is within the compounders' 
interests to prevent degradation or even partial fusion of PVC. Heat also has the added 
benefit of coating liquid or low melting components, such as lubricants, on the PVC 
grains. 
After the blend has been mixed to the desired temperature, the material is discharged into 
a low-speed cooling chamber to prevent agglomeration or compaction. It is then fed to 
suitable containment for storage, nominally for 24 hours prior to extrusion. 
2.7.4 Extrusion 
Extrusion can be simply defined as a technology that supplies continuous heat, shear and 
pressure62. In rigid PVC processing, the specific technology depends on the end-
application of the product [Table2-4j63. 
Table 2-4: Extrusion techniques by application 
Rigid Product Machinery Feedstock form 
Pipe and fittings Twin screw extrusion Dry blend 
Single screw extrusion Pellets/dry blend 
Injection moulding Pellets 
Profiles Twin screw extrusion Dry blend 
Film Planetary roller extruder/co-kneader/calender Dry blend 
Blow moulding Single screw extrusion Pellets 
Others Twin screw extrusion Pellets 
Single screw extrusion Pellets 
The feedstock is fed into the extruder via a feeder and melted by conduction with a 
heated barrel, inter-particle and particle-wall friction by either one or two rotating 
screw/so It is desirable that the extrusion equipment is fabricated from nitrided steel or 
high boron cast-iron to minimise wear64 due to the abrasive nature of the dryblend 
ingredients. The fused material is then forced through a die where it is shaped into the 
product. 
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2.7.4.1 Single-screw Extrusion 
Single-screw extrusion is the commonly used method of processing thermoplastic 
materials. However, the poor heat stability and high melt viscosity of rigid PVC restricts 
the use of this process. If single screw extrusion is to be used, large length/diameter 
(LID) ratios and slow screw speeds are necessary to prevent excessive frictional heating. 
2.7.4.2 Twin-screw Extrusion 
Twin-screw extrusion was developed to correct the degradation and flow problems 
associated with single-screws. The main characteristics of twin-screws are65 : 
• High conveying capacity at low speeds; 
• Positive and controlled pumping rate over a wide range of temperatures; 
• Low frictional heat generation (permits low heat operation); 
• Low contact time in the extruder; 
• Low torque/power consumption; 
• Self cleaning with a high degree of mixing; 
• Positive pumping which is independent of the friction between the plastic and 
screw or barrel. 
However, the performance increase comes at a cost, as twin-screw extruders are 
significantly more expensive than their single-screw counterparts. 
Screw Features 
Counter-rotating screw machines [Figure 2_17]60 are used rather than the co-rotating 
variants due to their higher outputs and lower mixing levels (lower frictional heat) which 
are not required since PVC is pre-blended66. 
/. Hh \ 
, ()O 
Low 
pressure 
Figure 2-17: Schematic illustration of inter meshing twin screws 
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The degree of intermeshing is critical when optimising screw design since it determines 
the level of mixing and efficiency of melt transport throughout the barrel. For example, a 
completely intermeshed system will behave solely as a positive displacement pump and 
the heat supplied to the material would be solely due to conduction from the barrel; 
mixing would be minimised and restricted to the individual screw channel. Since some 
mixing is desired, a little leakage is permitted which also has the added benefit of 
accelerating the fusion process by frictional heat. 
Constant flight depth 
Increased flight depth 
Figure 2-18: Twin-screw designs 
a) parallel (top) and conical (bottom); 
b) variations in conical flight depth 
In addition to the counter or co-rotating systems, parallel or conical screw configurations 
are possible [Figure 2-18a ]67. The conical design is advantageous because it is based on a 
relatively simple gearbox layout that reduces cost. Numerous screw designs are available 
[Figure 2-18b] with varied screw-flight depth; those designs with increased flight depth 
towards the output zone produce the best output per rpm but can over-shear the material. 
New innovations, such as negative double flight design, reduce the risk of over-shearing 
whilst offering output rates on par with parallel screw extrusion68 • 
2.7.4.3 Degassing 
The low bulk density and the presence of volatiles, originating from the PVC or its 
additives, necessitate a venting zone. The venting port is situated adjacent to a 
decompression zone on the screw/so 
2.7.4.4 Shaping 
The molten polymer is shaped in a die that is contained in a head assembly. The size and 
complexity of the die-head is determined by the dimensions and type of product to be 
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extruded, e.g. profile dies can be complex in design whilst large bore pipe dies can often 
dwarf the extruder. In comparison, slot dies for sheet extrusion are very basic. Key 
components of the die-head are: 
Breaker plate 
Removes spiral memory from the molten polymer and creates backpressure. Breaker 
plates often house screen-packs, metallic gauzes that filter out gels and other large 
particulate contamination. 
Mandrel 
For the extrusion of pipe, mandrels develop the cylindrical nature of the product. They 
and are held in place within the die-head by smooth streamlined spider legs. 
Die 
Determines the final shape of the extrudate. The dimensions of the mandrel and die gaps 
are generally 20-30% greater than the final product to accommodate for draw down. The 
length of the die land is calculated from the desired shear rate and pressure drop65. 
Proper design of the flow channel within the die-head is essential to ensure that the melt 
flow is as streamlined as possible with no dead spots, i.e. areas of stagnated flow that 
lead to degradation of the polymer and hence poor product quality. 
Downstream, from the extruder, the equipment varies depending on the application of the 
articles extruded, e.g. extrusion of sheet [Figure 2-19J 18 or pipe [Figure 2-20JI8. 
Calenders 
Extrusion lines for film and sheet use a calender system of, usually, three rollers for 
cooling and polishing of the product. 
Calibration 
For products that require exact dimensions, such as pIpes or window profiles, a 
calibration or sizing unit is required. 
Water bath 
Used simply to cool the extrudate to a temperature safe enough for handling. 
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Haul off 
A caterpillar type haul-off unit is used to pull the extrudate from the die. The speed of the 
haul-off is balanced with the mass output of the extruder to prevent excessive draw 
down. 
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Figure 2-19: Schematic diagram of a sheet extrusion line 
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Figure 2-20: Schematic diagram of a pipe extrusion line 
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2.8 Additives for Rigid PVC Processing 
The presence of PVC in a wide range of markets is solely due to the plethora of available 
additives: 
• Thermal stabilisers; 
• Lubricants; 
• Processing aids; 
• Impact modifiers; 
• Pigments/dyes; 
• Fillers; 
• Plasticisers. 
It is the role of a formulator to find the desired combination of additives to achieve a 
balance between product specifications, processing requirements and cost. 
2.8.1 Thermal Stabilisers 
The low thermal stability of PVC can be counteracted through the use of stabilisers. 
Wirth and Andreas70 described the function of stabilisers as either preventative or 
curative [Table 2-5]. 
Table 2-5: Stabiliser functions 
Preventative Curative 
• Absorption of Hel • Addition to polyene sequences 
• Elimination of initiation sites • Destruction of carbonium salts 
• Prevention of autoxidation 
• Reduction in mechano-chemical 
fragmentation through internal lubrication 
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2.8.1.1 Lead Stabilisers 
The stabilising effect oflead salts can be traced back as far as the 1930S18• Lead salts are 
relatively cheap and represent a large portion of the PVC stabilising market. 
Tribasic lead sulphate 
Dibasic lead phosphite 
Dibasic lead phthalate 
Dibasic lead stearate 
Normal lead stearate 
Basic lead carbonate 
3PbO.PbS04.H20 
2PbO.PbHP03.'h H20 
2PbO.Pb(OOC)2C6H4 
2PbO.Pb(OOCC 17H35) 
Pb(OOCC17H3s)2 
2PbC0 3.Pb(OH)2 
Powerful thermal stabiliser 
Thermal/UV stabiliser 
Thermal stabiliser in plastisol apps. 
Thermal stabiliser/external lubricant 
Thermal stabiliser/external lubricant 
Low cost stabiliser 
Lead stabilisers feature lead oxide (PbO) bound to a primary lead compound39. PbO is 
the portion of the compound that partakes in the stabilisation process by neutralising 
hydrogen chloride to form lead chloride. The formation of lead chloride is one of the 
significant advantages of lead stabilisation because it has no destabilising effect on PVC, 
which negates the need for costly co-stabilisers. It follows that the more PbO available 
within the compound, the more powerful the stabiliser, e.g. tribasic lead sulphate is a 
more effective thermal stabiliser than basic lead carbonate. 
The primary lead compound imparts various synergistic or secondary thermal and 
photochemical stabilising effects: lead stearate is a lubricant, dibasic lead phthalate is a 
kicker for blowing agents, and dibasic lead phosphite is a very good UV stabiliser. Their 
low cost and high technical performance have made them the stabiliser of choice for 
building applications 71. 
There are disadvantages when using lead compounds. They exhibit pigmentary 
behaviour making them unsuitable for transparent applications. They can also be fairly 
reactive with certain additives, in particular sulphur containing chemicals leading to 
sulphur staining. Over-use oflead stearate can lead to plateout problems72• 
Perhaps the most significant disadvantage is the toxicity of lead which has been the focus 
of a considerable amount of hostile scrutiny in recent years 73 and has resulted in its 
voluntary phasing-out by 2015 in the EUs. Airborne dust is a significant problem for 
compounding companies and stringent health and safety regulations are imposed to 
ensure employee safety; pellets, flakes or beads of stabiliser and lubricant one-packs are 
safer and more convenient methods of handling these materials74. 
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2.8.1.2 Metal Carboxylates 
Mixed metal stabilisers were developed to combine advantageous or counteract 
unsatisfactory characteristics of their individual components. The principle is to choose 
primary and secondary stabilisers75 [Table 2-6]. 
Table 2-6: PVC stabilisation effect o/various compounds 
Intermediate Primary stabiliser Secondary stabiliser 
Alkyltin thioglycolates, mercaptopropionates Major Minor 
K, Ba, Ca carboxylates No Major 
Zn, Cd carboxylates Major Minor 
Alkyl phosphites Minor Major 
Zn/alkyl phosphites Major Minor 
Zn/~-diketones Major Minor 
Epoxides No Major 
Zn/epoxides Major Minor 
Hydrotalcites No Major 
Considering the mechanism in Figure 2-21, the pnmary salt possesses an anion of 
desired mobility to approach the polymer chains whilst the cation has an affinity for 
labile chlorine (I). The secondary metal salt then reacts with the primary metal chloride 
exchanging its own anion to regenerate the primary salt whilst forming a more stable 
metal chloride (2) or by scavenging for hydrogen chloride (3). This reaction is important 
because the chloride formed in (I) is sometimes catalytic to the dehydrochlorination 
process - cadmium and zinc (zinc sensitivity) are strong promoters to PVC degradation. 
When the concentration of the secondary metal salt falls below its effective level, rapid 
degradation can occur. 
M'(OOCR)2 + 2 (Pol·C1) -> M'Ch + 2(Pol·OOCR) (I) 
M2(OOCR)2 + M'Ch -> M'(OOCR)z + M2Ch (2) 
M2(OOCR)2 + 2HCI-> M2Ch + 2RCROOH (3) 
M1 = primary metal/stabiliser 
M2 = secondary metal/stabiliser 
Pol = Polymer 
. = radical 
Figure 2-21: General mechanism o/mixed metal stabilisation 
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Barium/cadmium 
Stearates or laureates of barium/cadmium were one of the first developed mixed metal 
stabilisers that had an additional lubricating benefit. In rigid extrusion, their phosphite 
co-stabilisers and epoxide plasticisers imparted superb weathering resistance and were 
used for window profiles 77. Another common use of these compounds was in plasticised 
products, particularly foamed applications where the cadmium component served as a 
kicker for blowing agents31 . 
Despite the above beneficial properties, recent legislation against the use of heavy metals 
in plastic products has seen cadmium compounds outlawed in many countries including 
those in the European Union. Barium/zinc compounds have replaced Ba/Cd. 
Calcium/zinc 
The use of calcium/zinc stabilisers has accelerated in recent years due to the reduced 
toxicities of both constituents and the improved weatherability of pipe and profile 
products in comparison to lead stabilised articles71 ,74,76. Because of their lower 
stabilisation efficiency compared to Ba/Cd or Ba/Zn systems, co-stabilisers are added to 
improve performance, but at a cost. 
2.8.1.3 Organotin Stabilisers 
Additives based on tin bonded to at least one sulphur bond (thiotins) or sulphur-free 
organotin compounds bonded to derivatives of carboxylic acids31 , are powerful thermal 
stabilisers which, unlike lead compounds, offer a high degree of clarity making them 
suitable for transparent products. They are quite expensive, but their stabilising 
efficiency and low dosage levels actually make tin stabilised compounds quite cost 
effective. 
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Organotin mercaptides 
Thiotins are compounds with at least one tin-sulphur bond. The mono-substituted (right) 
variant is more effective than the di-substitutedl8 (left), but both are used in combination 
for a synergistic response to stability and colour improvement. Tri-organotins are 
available, but their use is limited due to a less efficient stabilising mechanism and 
increased toxicity. 
Figure 2-22: Chlorine substitution 
[Giicter and Muller] 
+ Cl / 
Sn 
/1"-
The effectiveness of the mono-substituted variant is due to the quantity of sulphide 
groups available. Thiotins are able to substitute for labile chlorine atoms [Figure 2-22]31 
or add to polyene sequences. They are also capable of impeding autoxidation making 
them very powerful long-term stabilisers suitable for most applications. 
A drawback of using thiotins is their lack of self-lubrication, which necessitates either 
higher processing temperatures (which can cause sticking), or additional lubricants 
(which increases costs). They can also react with lead based stabilisers or pigments to 
produce yellow lead sulphide (sulphur staining). 
Organotin carboxylates 
Unlike the thiotins, only the di-alkyltin carboxylates are of use for PVC stabilisation of 
which dibutyltin dilaurate (DBTL) and dibutyltin maleate (DBTM) are of importance64• 
Although their stabilising efficiency and clarity is inferior to thiotins, they have a 
significant advantage in that they exhibit very good weathering stability without the need 
for additional UV stabilisation making them suitable for outdoor applications. 
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H O-CO-R2 
"-/ Sn 
/" H O-CO-R2 
Figure 2-23: Organotin carboxylate 
2.8.1.4 Organic-based Stabilisers (OBS) 
Scrutiny of the environmental impact by metal containing compounds has seen a recent 
development in organic stabilisers, e.g. uracils, ureas, aminocrotonates and 
dihypropyridines4• OBSs are usually combined with HCl acceptors, co-stabilisers, and 
lubricants in one-pack mixtures. It is thought that stabilisation is caused by substituting 
labile chlorine atoms in PVC by stable groups of organic compounds with acidic 
hydrogen atoms under the elimination ofHCl, e.g. Figure 2-24. 
PVC-Cl 
Figure 2-24: Proposed reaction mechanism of pvc by uracil containing OBS 
[BraunJ 
2.8.1.5 Co-stabilisers 
HCI 
Co-stabilisers do not possess any stabilising effect themselves but they occupy an 
important niche in the market because of their synergistic properties when combined with 
conventional stabilisers, particularly mixed metal compounds. 
Organic phosphites 
OR 
I p 
OR./' ......... OR 
Figure 2-25: Organic phosphite 
Added in the ratio of 1 :3_731 with respect to the stabiliser, alkyl or aryl phosphites 
significantly improve the colour, transparency and light stabilisation of rigid PVC 
products, in particular calcium-zinc based formulations for food contact and profile 
applications. 
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Mechanisms for this synergism have been assumed to be the binding of HCl, addition to 
polyene sequences and hydroperoxide scavenging78-8o• 
Epoxy compounds 
R-HC--CH-R + HCI - __ ", R-HC-HC-R 
V 
Figure 2-26: Stabilisation of HCI by epoxies 
[Giicter and Miiller] 
I I 
OH Cl 
Epoxidised versions of soybean oil, esters of oleic acid, castor oil, linseed oil and 
sunflower oil are widely used as epoxy co-stabilisers for mixed metal stabilisers where 
synergistically they exhibit strong heat and light resistance properties31 • Epoxies also act 
as mild plasticisers and find a use in easing the processing of rigid PVC or reducing the 
amount of primary plasticiser in plasticised PVC formulations. 
They primarily bind with free HCI81 ,82, but they are also able to substitute with labile 
chorine atoms on the PVC main chain under the catalytic influence of cadmium or zinc 
ions. Jida et al. 83 showed that the addition of epoxies also reduces the zinc sensitivity of a 
compound. 
Polyots 
Polyols are added to complex with calcium or zinc chloride, thus improving the long-
term thermostability of the material. 
2.8.2 Ultra Violet Light Stabilisers 
The destabilising effect of UV light is of a major concern for outdoor PVC products such 
as window profiles. Methods of counteracting this effect can include using colourants, 
physical methods (e.g. cladding, painting, laminating, etc), and the use of UV 
stabilisers39 . 
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2.8.2.1 Organic UV Absorbers 
~ 
# 
0 OH OH 0 
hv 
~ +=='" 
-/1 
P 0 .....-CH, 
Figure 2-27: Stabilisation mechanism ofhydroxybenzophenones 
/WicksonJ 
Literature Review 
Organic UV stabilisers are designed to absorb all electromagnetic radiation between 295 
and 400nm and then emit the radiation at wavelengths above 400nm (visible light)39. 
Should the stabiliser absorb light above 400nm, an undesirable yellowing of the product 
surface is noticeable. 
hv 
~ 
-ll 
Figure 2-28: Stabilisation mechanism of benzotriazoles 
/WicksonJ 
Important compounds in this class are hydroxybenzophenones39 [Figure 2-27] and 
hydroxyphenyl benzotriazoles [Figure 2-28]. Hydroxybenzophenones absorb the most 
UV light between 340-355nm with no absorption above 400nm and, hence, do not 
discolour the product. On the other hand, the cheaper hydroxyphenyl benzotriazoles are 
more efficient below 300nm with some absorption above 400nm. 
2.8.2.2 Hindered Amine Light Stabilisers 
o 0 
11 11 
O-C-(CH2ls-c-o 
Figure 2-29: An example HALS structure 
Hindered Amine Light Stabilisers (HALS) are very effective alkyl and peroxy radical 
scavengers. Their use is strongly influenced by the type of stabilisation system as they 
provide good light stabilisation in mixed metal and tin carboxylate systems but reduce 
the processing stability of thiotin systems. 
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2.8.3 Lubricauts 
Lubricants, for use in polymer processing, can be defined as chemical compounds that 
minimise shear forces between molecules, reduce polymer to metal adhesion and 
increase surface slip, all of which prevent degradation whilst improving productivity 
without compromising material properties85,86. Care should be taken so as not to confuse 
them with plasticisers39 that are usually added to formulations at significantly higher 
concentrations and also have a marked affect on the properties of the solvated polymer, 
e.g. the glass transition temperatnre. 
Lubrication can be classified as either internal or eXfernaI54,85.9o, or envisaged as in 
Figure 2-30: 
Internal 
Soluble in PVC melt; improves bulk flow by lowering melt viscosity; lowers the internal 
friction between PVC molecules; 
External 
Insoluble in PVC melt; lubricates individual PVC particles and forms boundary layer 
between PVC and processing equipment, therefore reducing friction which delays fusion, 
and improves release of the melt from the metal. 
Plasticisation 
Viscosity reduction 
Shear liquefaction Reduction in friction Dn D o/ij/./(@'//!l'fl//&fll'l'L',;V-/f 
-WOO 0-00 W{::JQ 
Release effect Slip effect 
BBB ~g~~ 
Figure 2-30: The mode of action of lubricants 
[Giichter and Muller] 
PVC is a highly polar material, so it follows that polar lubricants are more compatible 
and exhibit more internal characteristics [Table 2-7]. 
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Table 2-7: PVC lubricant classes 
Chemical name Non-polar Polar Group Notes GrOUD INTERNAL 
Fattyaleohols C12-C" -OH Internal in behaviour, but very volatile 
Fatty alcohol di-carboxylic acid esters CW C17 -OCO-(CH,)o-COO- Cheap 
Fatty acid esters C13-C17 -COOR 
Fatty acids C,3-C17 -OH; -COOH Cheap; good release properties. but volatile 
Fatty acid rnono-amides C,5-C17 -CO-NH, Can cause disc%uration 
Fatty acid di-amides (amide waxes) CW C17 -CO-NH-CH,-NH-CO- Versatile lubricants 
-COO- Me'· -OCO-
Stabilisation product, 
Metallic soaps C,5-C17 possesses good release 
properties 
Ester waxes (mantan waxes) C,rC31 -OH; -COOH 
Combination of good 
release and ability to 
lower melt viscosity 
Polar polyethylene waxes C125-C700 -OH;-COOH Strong release effect 
Paraffin waxes C,o-C70 - Extremely incompatible-improve surface finish of 
Non-polar polyethylene waxes C125-C700 - extruded products 
Despite being useful for describing a particular function, to define a lubricant as either 
internal or external is an over_simplification3,31,91,92 as most lubricants exhibit a 
combination of both effects which can also vary with dosage (i,e, solubility limit)93, 
Investigations by Rabinovitch et al,94 using calcium stearate and paraffin waxes, amongst 
others, found that their actual behaviour was contrary to that believed at the time, 
Calcium stearate is a fusion promoter and had always been considered as an internal 
lubricant but it was shown that it promoted good metal release from a two-roll mill, 
typical of external behaviour. Conversely, paraffin wax (an external lubricant) showed 
the worst metal release performance of the lubricants investigated, Tests in a torque 
rheometer showed a synergistic response in delaying fusion and, along with extrusion 
tests, lubrication mechanisms [Figure 2-31]94 were proposed with respect to polar and 
non-polar ends or molecules, 
1,. 
pvc Pri(\\;lry 
hrtide 
flow Unit 
PMArTIN WAX 
pvc 
Figure 2-31: Para/fin wax and calcium stearate lubrication mechanism 
[Rabinovitch et al,] 
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When investigating the combined effects of calcium stearate and oxidised polyethylene, 
another traditional external lubricant, Lindner95 found a similar synergistic response as 
torque rheometer fusion times were accelerated instead of delayed. 
The general structure/effect relationships for lubricants can be summarised as follows3': 
• Effective lubricants usually have an aliphatic chain length of 12 or more carbon 
atoms; 
• Very long aliphatic chains are less soluble in molten PVC; 
• As PVC is a polar material, compatibility decreases as chain length increases; 
• Compatibility is increased by the introduction of polar groups to an additive; 
• Carboxylic acids and some of their derivatives are effective release agents due to 
their ability to wet metal surfaces; 
• Amide waxes are good slip agents and impart good surface finish on extruded 
products. 
It is essential that PVC formulators consider the internal and external effects in order to 
achieve a well-balanced lubrication system. An optimised system results in desirable 
extruder loads, high outputs, good dimensional stability and good surface finish. 
Imbalanced systems ultimately increases downtime for repair86 which also increases 
costs. 
2.S.3.1 Carboxylic (fatty) Acids 
Fatty acid lubricants are polar molecules that have a tendency to hydrogen bond with 
adjacent molecules of a similar type to form dimers and complexes with other polar 
additives, e.g. metal carboxylates or amides where their dimeric behaviour predominates 
in dilute solutions39. 
Stearic acid is used to modify the fusion behaviour of existing lubricant systems, such as 
in conjunction with paraffin waxes where it is added to delay fusion instead of increasing 
the level of paraffin wax due to, say, gloss issues. Unfortunately, fatty acids possesses a 
number of double bonds making them susceptible to thermal degradation which limits 
their dosage to typically 0.1-0.3 phr3'. 
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2.8.3.2 Metallic Soaps 
Carboxylic salts are used in rigid PVC processing for their lubrication and secondary 
synergistic stabilising effect with other stabilisers94. Examples of such salts include 
calcium stearate, normal lead stearate, zinc laureate, etc. 
2.8.3.3 Waxes 
Waxes have been defined by the Deutsche Gesellschaft flir F ettwi13enschaf (DGF) in 
197597 as, a technological collective term for a range of naturally or synthetically 
derived substances which have the following properties: 
• Solid at 20°C, and at that temperature have a consistency which may vary from 
soft and plastic to brittle and hard; 
• When solid are coarsely to finely crystalline, transparent to opaque, but not glass. 
like; 
• Melt without decomposition above 40°C; 
• Are of relatively Iow viscosity at a temperature a little above the melting points; 
• Vary greatly in consistency and solubility with changing temperature; 
• May be polished by rubbing using light pressure . 
... If one or more oJ these criteria are not met, then the material is not a wax by this 
definition. Hence, other materials, such as fats or hardened oils are excluded from this 
cIass98. 
Amide Wax 
Ethylene bis-stearamide is regarded as an external lubricant because of its good slip 
properties. It is also regarded as a versatile lubricant due to its ability to form complexes 
with other fatty acids and polar additives3! providing a processor a large processing 
window39. Bound amino groups impart good colour stability to the final product making 
amide wax a preferred choice to fatty acid mono-amides. 
Montan Wax Derivatives 
Montan wax (montanic acid) is obtained from deposits of brown coal (lignite) that have a 
wax content of around 10-15%. An oxidative de-resinificating chemical treatment 
bleaches the product so it can be used as a lubricant (industrial montanic acid). 
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Alternatively, it can be cracked turning the high molecular weight esters into smaller 
waxy distillates that yield paraffin waxes after further processing97. 
Industrial montanic acid is a mixture of straight-chain saturated carboxylic acids with 
chain lengths of between 28-32 carbon atoms. If desired, the acid groups can be esterified 
or saponified with a relevant base. 
The primary use of montan derived waxes is metal release and the lowering of melt 
viscosity31.99, a combination of both external and internal lubricating effects due to the 
polar nature of the product. 
Paraffin Waxes 
Paraffin waxes are classified according to their origin or manufacturing route. Natural 
paraffin waxes, refined from petroleum, are straight chain saturated hydrocarbon 
molecules giving them their characteristic external performance. The presence of linear 
and cycloparaffinic side branches introduces amorphous regions and unsaturation which 
results in a small degree of polarity, thus allowing manufacturers to tailor the lubricating 
properties of the wax by altering densitl9.96. Their melting range is typically 50-70°C. 
Synthetic paraffin waxes produced by the Fischer-Tropsch method possess longer and 
more saturated hydrocarbon chains than their natural counterparts. They are therefore 
less polar, more crystalline, harder, higher in molecular weight, and soften at higher 
temperatures (94-1 OSoC)97. 
Microcrystalline Waxes 
These materials are derived from residues from the distillation of lubricating oils 
providing a much higher average molecular weight and wider molecular weight 
distribution than paraffin waxes. A higher degree of linear and cyclic side branching 
provides these materials with a fine crystalline structure with significant amorphous 
content. 
High melting (80-90°C) microcrystalline waxes are generally used in PVC processing. 
Polyolefin Waxes 
Low or high density polyethylene homopolymer waxes can be manufactured by one of 
two methods98: direct polymerisation from ethylene monomer by either the low pressure 
Ziegler-Natta or free radical processes; or cracking of high molecular weight 
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hydrocarbon resins to produce a slightly less thermally stable wax with more polarity 
than directly polymerised PE wax. 
Their structure is very similar to that of the paraffin waxes, but their significantly higher 
molecular weight (thousands compared to 18-44 carbon lengths) results in a lower 
compatibility and almost exclusive external lubricating behaviour. This does have an 
adverse effect on clarity of the finished article and PE homopolymer waxes are generally 
unsuitable for transparent applications. 
100 
80 
0.95 Hard Wax 
Plastic 
'" 60 :5 .~ 
0.9 ~ ~ Soft wax ~ ~ C 
40 (J 
'" 
0~5 
Grease 20 
O~ 0 
0 4000 8000 12000 16000 
Molecular weight 
Figure 2-32: The physicul form of PE as a function of Mw and crystallinity 
Just like polyethylene used in the plastics industry, density, weight-average molecular 
weight [Figure 2-32] and molecular weight distribution can be adjusted to alter the 
lubricating effect98: 
• Gloss - the lower the density!crystallinity, the softer the material leading to a 
delay in fusion and increase in gloss58; 
• Fusion control - as viscosity decreases, the ability of the lubricant to form an 
effective film between the PVC and extrusion equipment increases. Thus, heat 
transfer to the PVC is reduced and fusion is delayed; 
• Compatibility - PE homopolymers do not possess any polarity and are, 
therefore, incompatible in PVC melts. Lubricants with low compatibility cause 
hazing and are unsuitable for transparent applications; 
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• Metal release - the effectiveness of PE waxes increases as the molecular weight 
increases due to delayed migration of the wax to the PVC melt surface. 
Oxidised polyethylene 
Oxidised PE waxes originate from liquid PE homopolymers that have been reacted with 
pre-heated air in an oxidisation tower at 25 bar and 190°CIOO, introducing polar carboxyl 
end-groups to the chains. The degree of oxidation can be tailored by adjusting the time in 
the reactor - typical acid values' of commercial oxidised homopolymers range from 7-
41 101 •102, but high values affect the molecular weight of the polymer due to chain 
scission. Oxidised PE waxes have a combination of external and internal lubricating 
effects: 
• Fusion control - as oxidation increases, fusion time is reduced with high-density 
materials being more effective. The fusion effect of oxidised PE waxes is less 
marked and is more dependent on the CDFE mechanism and equipment; 
• Metal release - as oxidation increases, the film formed between the PVC melt 
and metal becomes more regular and coherent resulting in better metal release. 
Higher density materials are also more effective; 
• Gloss - as oxidised HDPE accelerates fusion, gloss is reduced. Again, the effect 
of oxidised PE waxes is not as significant; 
• Compatibility - as oxidation increases, the lubricant becomes more polar and 
more compatible with PVC. 
The effect of drop pointt and compatibility on lubrication behaviour is summarised in 
Table 2_898 • 
• ASTM 0-1386: the amount of aqueous KOH (mg) to neutralise the free acid groups in 19 of 
polymer. 
1 ASTM 0-3954: the property referred to commercially instead of melt temperature due to the 
broad molecular weight distribution of waxes. 
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Table 2-8: Compatibility a/PE waxes with respect to drop point 
Drop Point (OP) 
Below DP Level Above OP 
Abrasion 
resistance! Lubricant! Incompatible lubricant 
release 
Moisture Adhesion 
barrier 
Compatible Viscosity 
Fusion control 
control 
2.8.4 Processing Aids 
Processing aids (PA) were developed to accelerate fusion, to improve the rheolog ical 
perfonnance and thennoplastic/elastic strength of rigid PVC compounds3I . They are 
based on copolymers of methyl methacrylate (MMA) and other acrylic monomers and 
rigid are characterised by their very high molecular weight, typically 12-20 times that of 
PVC [Table 2_9]103. 
Table 2-9: Molecular weighto/PA's in relation to PVC 
Typical average weight Mw 
Acrylic processing aids 200 000 to 3 million 
Soft exlrusion pvc (K 62-70) 70 000 to 95 000 
Rigid extrusion PVC (60-68) 60 000 to 85 000 
Calendering or bottle PVC (K 58-60) 55 000 to 65 000 
Injection PVC (K 50-60) 40 000 to 65 000 
Table 2-10: PA comonomers 
PVC 
Poly(methyl methacrylate) (PMMA) 
Poly(butyl acrylate) (PBA) 
Poly(ethyl acrylate) (PEA) 
Poly(butyl methacrylate) (PBMA) 
Tg 
80 
("C) 
-82 
103 
-54 
-24 
20 
The glass transition (Tg) of the processing aid is important as it directly influences the 
fusion promotion aspect ofthe additive. It is desirable for the processing aid to soften at a 
temperature similar to PVC so that the long processing aid chains entangle with the 
shorter PVC chains during heating. This enables: better transference of shear force, 
which promotes fusion; and a better three-dimensional network in the molten state which 
improves melt strength and melt elasticity (by improving the melt elasticity gloss is 
enhanced whilst minimising melt fracture). The softening temperature of processing aids 
is adjusted by varying the amount of co mono mer with the MMA [Table 2_10]103 
2.8.4.1 Structure and Processing/Property Relationships 
Disson 103 investigated the effect of molecular weight with respect to fusion promotion, 
shrinkage, and gloss of a lead-based PVC compound in a torque rheometer. By analysing 
the torque curves and the extruded window profiles it was found that the traditional rule 
that fusion times decrease with increased Mw is not necessarily true. In high-speed 
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extrusion lines the use of lower Mw PAs can help reduce die swell and reversion whilst 
imparting adequate fusion times. In lower speed lines higher Mw PAs can be used since 
die swell and reversion are not usually issues. The results are better gloss, faster fusion 
and higher melt strength. 
Die swell and reversion were also seen to increase with processing aid level and 
molecular weight as well as shear rate in the die. 
2.8.5 Impact Modifiers 
Impacts, or quick intense applications of stress, are a significant problem for rigid 
products in applications where the likelihood of human contact is high, e.g. window 
profiles. Due to the rate of loading, a product or material that may otherwise have good 
tensile strength may exhibit poor impact performance. Common reasons for this are 
surface defects, such as notches or cracks, that can initiate and propagate through 
continued impacts, or poor product design that introduces weak points in the structure, 
e.g. sharp corners, that are sensitive to stress. 
Impact improving additives can prevent premature failure of a product whilst in service 
by a combination of crack stopping and yield promoting mechanisms39• During crack 
stopping, the propagation of a crack throughout a brittle phase is halted when it 
encounters a softer phase, which absorbs the mechanical energy - for this reason, these 
softer phases are usually elastomeric. Prerequisites for this mechanism are good particle 
dispersion and distribution to increase the likelihood of a crack encountering one of these 
particles, and good interfacial bonding between the PVC matrix and the modifier so as to 
maximise energy transfer. 
Yield promoting modifiers lower the yield strength of the PVC, thus encouraging 
deformation rather than brittle fracture. 
2.8.5.1 Organic Impact Modifiers 
There are two types of organic impact modifiers: predefined elastomers (PDE) and non-
predefined elastomers (NPDE) of which, PDEs are the largest class. They are particulate 
and consist of a soft core with a harder outer shell. An example is butyl acrylate (soft 
section) which is graft polymerised with MMA (hard section). 
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NPDEs are rubbery modifiers, such as chlorinated PE (CPE) and EV A, which are coated 
onto the PVC particles during processing to produce a honeycombed network in a PVC 
matrix31 • NPDEs are sensitive to shear giving them a small processing window than 
POEs and are only used in low shear processes and applications where only a small 
amount of impact resistance is required. 
2.8.5.2 Inorganic Impact Modifiers 
Finely precipitated stearate coated calcium carbonate and alumina trihydrate (ATH) have 
been shown to exhibit a degree of impact modification due to their fine particle size 
(O.07!lm and O.5!lm respectively), which results in a uniform stress distribution by 
inhibiting localised regions of stress that can initiate cracks. 
2.8.6 Fillers 
Fillers are chemically inert solid particulates or fibres that are incorporated into polymers 
to modify the properties of the compound. An ideal filler will improve the properties and 
service performance, improve the appearance, reduce the cost of the formulation and 
improve processability l8. Unfortunately, this is never the case as one or two of the above 
are usually improved with a reduction in the effectiveness in other criteria. Important 
particle properties are: 
• Particle size & distribution - ideally, fillers should be inconspicuous and less 
than l!lm in diameter so as to impart satisfactory mechanical properties without 
altering the physical appearance of the produce. For acceptable melt flow during 
extrusion, an optimal particle size distribution is necessary to maximise the filler 
loading whilst achieving good dispersion throughout the material; 
• Porosity - larger particle sizes of certain minerals are more porous. If the PVC 
matrix is unable to wet the particle, voids are possible which can lead to poor 
impact or fatigue performance. Grinding the mineral also reduces porosity; 
• Optical - when light falls onto a dispersion of particles in a matrix, the incident 
ray will scatter as it undergoes a series of reflections and refractions. The higher 
the refractive index of the filler, the product will appear more opaque. Particle 
size and distribution, and dispersion can also affect product opacity; 
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• Hardness - fillers above a Moh's hardness of 5-5.5 are capable of scratching 
steel processing equipmene9 which increases wear; 
• Dispersibility - a uniform dispersion of filler throughout the matrix is essential 
so that physical properties are not adversely affected, since aggregates can 
behave as large particles. 
2.8.6.1 Calcium Carbonate 
Calcium carbonate (CaC03) is the most widely used filler in the PVC industry. It is 
available in either natural mineral or synthetic precipitated forms, the choice of which is 
usually cost based. Technical grades of CaC03 are highly pure, soft (Moh's hardness of 
approximately 3), non-toxic, heat resistant up to 600°C, do not agglomerate, increase 
product stiffness, and reduce the tendency to plateoue 1. 
Natural Mineral 
Natural CaC03 occurs in three fonns lO4, (namely chalk, limestone and marble) each of 
varying importance in PVC processing. Chalk is a fine white pOWder, typically 15!lm in 
diameter. Depending on location of origin, chalks of very high purity are possible. 
Limestone is very abundant in the Earth's crust, but there are only a few regions where 
purity is adequate for use in PVC. Ground limestone is typically coarse, cube shaped 
with rounded edges and not very white. Marble is limestone that has undergone high 
pressure at 600°C and recrystallised to form a hard cube-like particle with sharp edges. 
The shape and hardness of marble means that it is very abrasive to processing equipment 
and is, therefore, not used. 
Synthetic Precipitated 
Synthetic CaC03 is manufactured by the controlled precipitation of salts from calcium 
solutions or from water softening plants. It has good colour and very fine mean particle 
size «I f!m) so needs to be coated with stearic acid to prevent agglomeration, improve 
processability and dispersion throughout the final product. The surface treatment 
supposedly improves plateout resistance whilst coupling of the filler to the PVC matrix 
increases impact resistance. Unfortunately, manufacturing costs are reflected in the high 
price of the filler. 
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Silica 
As with CaC03, a range of silicas are available from either natural (quartz and sand), or 
synthetic sources, although natural silica is of little use for PVC due to its high hardness 
(-7 on the Moh's scale). On the other hand, synthetic silicas are widely used as 
thixotropes, anti-blocking agents, and anti-plateout agents where it is believed to absorb 
plateout prone compounds and scrub flow channels within processing equipmene9• Work 
by Maisel105 showed that a small concentration (0.25 phr) of porous precipitated silica 
reduced plateout by 7-20%. 
2.8.7 Colourants 
Colourants are added to a PVC compound to provide colour at a desired intensity and 
improve resistance to weathering (UV light, in particular). 
Pigments are fine particles that are insoluble in PVc. They use an opacifying effect for 
colouration and are generally resistant to migration. They come in one of three forms: 
inorganic (usually metal oxides); lakes (dyes precipitated onto inorganic particles); or 
organic compounds. Dyes on the other hand, are soluble, prone to migration and organic 
in nature. 
Apart from the final colour of the product, selection of the appropriate colourant is 
dependent on certain processing and operational requirements3 !: 
• Thermal stability - service and processing temperatures; 
• Light-fastness - resistance to degradation caused by visible light; 
• Weathering resistance - degradation by UV light, oxygen, ozone and moisture; 
• Migration (solvent bleeding, contact bleeding, and blooming) - the mobility of 
colourants due to their solubility in the PVC melt; 
• Plateout - migration of incompatible colourants onto the surfaces of processing 
equipment; 
• Influence on melt rheology - only applies to pigments as they increases melt 
viscosity in the same way as fillers. 
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2.8.7.1 Inorganic Pigments 
Polymers used in outdoor applications need substantial protection from sunlight due to 
chromopores in the molecular structure, e.g. yellowing of the material is a sign of UV 
degradation. 
Rutile (a form of titanium oxide, Ti02) is a cheap white inorganic pigment of high 
opacity and low tint with the ability to absorb UV light. Too high a concentration of Ti02 
can lead to chalking - a phenomena when the surface of the product cracks exposing the 
pigment powder,l - but generally, loadings of greater than 10 phr are not used because 
mechanical properties are impaired. Ti02 is usually coated with a mixture of organic and 
inorganic compounds!06 to improve the dispersion of the particulate and mask any 
reactive sites that may promote photochemical degradation. 
Other inorganic pigments include carbon black, metal oxides, and metal sulphides to 
provide a range of colours. The use of chromium containing pigments is restricted due to 
concerns regarding heavy metals and health. 
2.8.7.2 Organic Pigments 
Organic pigments are used in applications where transparency, brightness and high tint 
are required. They are usually processed at low temperatures because of a tendency to 
degrade and migration can also be a problem. 
2.8.7.3 Dyes. 
Only find selective use in rigid PVC due to migration problems, poor thermal stability 
and poor light-fastness. 
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2.9 Plateout 
Plateout is the fonnation of unwanted residue onto the metal surfaces of an extrusion-
line, in particular the vacuumldegassing zone, screw tips, spider legs, the die exit, 
calibration and calendars. Plateout has numerous undesirable effects during processing. 
Internally, the fonnation of plateout deposit can lead to localised regions of shear heating 
due to stagnation in the melt flow which is characterised by degraded plastic, or 
unaesthetic dark streaks along the extrusion line. The plateout in these regions is a hard 
deposit at ambient temperature, which is only slightly softer at the processing 
temperatures of 150_220°CI08. 
Fonnation of the deposit on external extrusion-line parts, such as the die exit and 
calibration units, can result in grooved surface defects on the product. These grooves are 
not desired for both mechanical and aesthetic reasons. Progressive deposition can also 
lead to gauging problems. At the degassing zone, continued fonnation of a waxy deposit 
can eventually lead to blocking of the vacuum system resulting in incomplete 
devolatisation of the material. 
To prevent the undesirable effects of plateout the vacuum, die-head and calibration 
assemblies must be periodically stripped and cleaned to produce articles of satisfactory 
quality, but the associated downtime is expensive. 
2.9.1 Plateout Composition 
Lippoldt lO8 perfonned extraction tests usmg vanous solvents and showed that the 
composition of the die deposit is approximately in the ratio of 70% inorganic, 30% 
organic, with only 6% of the organic component being PVC. 
PointerlO9 observed that in a lead stabilised fonnulation, plateout was composed of 
incompatible additives exuding from the melt onto the hot metal surfaces of the 
processing equipment. It was hypothesised that plateout is closely related to the amount 
of external lubrication of the system and the lubricants' interactions with other 
components in the compound. The composition of plateout was stoichiometrically 
independent of the starting fonnulation and the distribution of these components was 
reduced in distribution towards the outer surfaces of extrudate. 
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2.9.2 Plateout Mechanisms 
Several mechanisms have been proposed to explain the origins of plateout and offer 
methods for minimising it. Whilst these mechanisms have been proposed in terms of the 
authors' own work, the actual method is more likely due to a combination of all or some 
of the mechanisms depending on formulation and processing conditions I 10. 
2.9.2.1 Plateout at the Degassing Zone 
Dryblend contains many volatiles, such as moisture and very low Mw carbon chain 
molecules, which emerge when exposed to heat. These vola tiles can condense on the 
vacuum equipment at the degassing zone preventing further removal of these 
materials lO7 • 
Using a tin stabilised formulation [Table 2-11], LippoldtlO8 determined the organic and 
inorganic components of die plateout by solvent extraction [Table 2-12, Table 2-13]. 
Several solubility tests to were performed to determine how the interaction of the 
additives affects plateout formation. 
Table 2-11: Lippoldt's PVC formulation 
Component 
PVC 
Tin stabiliser 
Impact modifier resin 
Process aid resin 
Non-melting lubricant 
Hydrocarbon lubricant 
Calcium stearate 
Calcium carbonate 
Titanium dioxide 
Carbon black 
Table 2-12: Gross plateout composition 
Component Wt% Appearance 
Inorganic ash 
Titanium dioxide 43.1 Solid 
Calcium carbonate 29.2 Solid 
Organic components 
Hexane extract residue - see Table 2-13 9.0 Wax 
Methanol extract residue 2.0 Flaky solid 
Tetrahydrofuran extract residue 6.4 Resinous 
Benzene extract residue 0.8 Flaky solid 
Acetone extract residue 0.5 Flaky solid 
Loss (9.0) 
Total 100.0 
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ph. 
100.0 
0.6 
3.0 
0.5 
0.3 
0.6 
1.0 
5.0 
2.0 
0.2 
Table 2-13: Composition ofhexane 
extract residue 
Component Wt.% 
Calcium stearate 46.7 
Calcium chloride 22.0 
Stabiliser 23.3 
StanniC chloride 3.6 
Sodium chloride 4.1 
Aluminium oxide 1.1 
~--------------------------------------------------------------------------- -- --_. -------
Chapter 2 Literature Review 
Calcium stearate, a compatible additive that has been shown to provide both external and 
internal lubrication94, was found to be soluble in the hot tin stabiliser. This mixture was 
also soluble in hot hydrocarbon external lubricant. Cooling the solution below 175°C 
produced a gel-like precipitate that underwent syneresis (expulsion of liquid component 
from gel) to leave a hard precipitate. 
The inorganic components (calcium carbonate filler and titanium dioxide pigment) 
provided a stable suspension in the hot hydrocarbon lubricant. In the presence of the 
calcium stearate/tin stabiliser mixture, agglomeration occurred. It was noticed that this 
agglomerate was easily dispersed, but when the temperature dropped below lS0°C, the 
gel-like precipitate enveloped the solid particles. The subsequent syneresis of 
hydrocarbon lubricant from the gel produced a precipitate similar in nature to plateout. 
The simulation possibly explained the prevalence of plateout at the screw tips given that 
the temperature at this zone is around 150°C. In summary, Lippoldt suggested a series of 
six steps that best described the deposition of plateout during processing: 
• Molten lubricant dissolves the stabiliser. The amount of dissolution depends on 
distribution and dispersion of the two components throughout the polymer; 
• Above 175°C, the lubricant/stabiliser mixture dissolves calcium stearate to 
produce a complex; 
• The polar complex is adsorbed onto polar filler and pigment particles causing 
agglomeration; 
• The lubricant and inorganic complex mixture migrate to the metal interface at 
decompression zones due to external behaviour; 
• Decompression is associated with a drop in temperature which in turn causes the 
complex to be released from the polymer melt below the Critical Solution 
Temperature (CST); 
• The adsorbed hydrocarbon lubricant is expelled by syneresis to produce a hard 
precipitate (plateout). This deposits on metal surfaces and is receptive to further 
deposition through mechanical keying. 
54 
Chapter 2 Literature Review 
LeskovyanskyJ ) ) attributed chemical attractive forces to explain why fonnulations 
without inorganic filler exhibit varying degrees of plateout with subtle changes of 
ingredients. 
An affinity exists between oxidised metal surfaces and functional groups, e.g. oxygen, 
SUlphur, nitrogen and free radicals, in the polymer melt. Material adjacent to the metal 
tooling therefore adheres during processing to form a primary adherent layer. 
Throughout processing, the functionalised organic materials react causing PVC, 
plasticiser (if present), and other additives to graft and crosslink to the primary adherent 
layer. The occurrence of any non-functional components, such as inorganic filler, in 
plateout can be attributed to mechanical keying or chemical reaction. 
Dehydrochlorination of adhered PVC leads to degradation resulting in a hard, dark mass. 
Bussman et al. ) 12 associated plateout formation with the type of stabilisation and the 
condition of the processing equipment. Extrusion trials involving a control formulation 
using a commercially available zinc-polyol organic co-stabiliser and lubricant were 
compared with two basic inorganic stabilisers without lubricant, i.e. stabilisation through 
neutralisation of HCI rather than the complexing of zinc chloride by the polyol. Screw-
tips particularly prone to plateout were used to quantify the amount of material deposited. 
Results showed that plateout formation might be determined by the reaction rate of the 
stabiliser with HCI during processing, not by stabilisation efficiency. It was suggested 
that this finding explains why lead based stabilisers are more effective than barium-
cadmium or calcium-zinc based systems with respect to plateout formation as inert lead 
chloride is produced in a one-step reaction whereas salts produced by the other two 
systems require further neutralisation which, in turn, require a greater length of time. 
These observations are controversial, as they do not agree with anecdotal evidence. 
A mechanism was proposed incorporating the above findings with a self-promoting 
micro-interlocking degradation system ll3 : atmospheric oxygen trapped within packed 
PVC granules oxidises the steel processing equipment, a process which is further 
promoted by HCI during the melting of PVC. The resulting iron oxide layer flakes off 
due to its poor adhesion to the steel surface causing pitting of the substrate. Around the 
pitted tooling, intense shear heating is experienced by the polymer melt and any additive 
located at the melt/tool surface interface undergoes decomposition and deposits on the 
pitted areas (plateout) and so forth. 
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The authors concluded that minimising or even eliminating HCl, which acts as a catalyst 
in iron oxide layer formation, could prevent plateout to an extent. This requires correct 
stabiliser selection. 
An equipment based approach attributed die design as a significant contributor to 
plateout deposition has been proposed 114. Rheological tests with polyolefins showed that 
fluids with high Deborah Numbers produced vortices at regions of converging flow, i.e. 
areas of abrupt changes in geometry. Polymer trapped in these vortices for long periods 
of time degrade and emerge as die plateout. Particulate additives, i.e. pigment and filler, 
affect the magnitude of the Deborah Number. 
A De=-
t 
De: Deborah number 
ft.: characteristic time constant for a given fluid 
t: residence time for flow to occur 
Szarvasy and Pittman 115 looked at pressure drop and topographic changes along the 
length of a specially constructed slit-die with time. 
After a 130-hour extrusion test, a reduction in pressure gradient (upstream -+ 
downstream) was attributed to an increase of the slip layer between the PVC melt and die 
surface towards the die exit, as with Lippoldt. 
The surface roughness (on the scale of 10-20I!m) of the die was rounded-off and 
striations in the direction of flow, attributed to scoring of the tool steel by titanium 
dioxide, were observed using atomic force microscopy. These striations were filled with 
calcium carbonate whilst the raised areas were coated in slip promoting lead compound 
and lubricant, i.e. the mechanical keying of plateout. 
2.9.2.2 Calibration Plateout 
Calibration plateout can be attributed to residual moisture or volatiles (including low 
melting lubricants) not removed at the degassing section, blowing agents l19, waxes or 
high melting high Mw metal release agents. 
Super-heated moisture and volatiles dissolved within the PVC melt lose their solubility 
when pressure and melt temperature drops between the die and calibration zone. The 
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vapour subsequently condenses on the calibrator to produce a waxy plateout that can 
contain any fine solid particles trapped within the vapour. Investigations by Clarkel16, 
using lead and calcium/zinc formulations, found that the hydrocarbon content of the 
waxy deposit included phthalates, long chain fatty acids and fatty acid salts of zinc (but 
not calcium or lead). High melting metal release agents are designed to migrate to the 
surface of the PVC melt further downstream and are, hence, susceptible to plateout in 
these regions. 
2.9.3 Controlling Plateout 
Given that plateout has a high additive content, it can be minimised by carefully 
formulating a compound whilst staying within the process window. Due to the variety in 
mechanisms for plateout deposition, it follows that there are also a wide range of factors 
that pertain to influence deposition. 
The following can prevent Lippoldt's syneresis mechanism: 
• Using barrel temperatures above the CST at the decompression zones; 
• Using an additive package whose CST is lower, thus not endangering the PVC 
by elevating processing temperatures, as above; 
• Selecting stabilisers that are not so effective at dissolving fatty-acid salts. 
Leskovyansky attributed the crosslinking of formulation components during processing 
as the cause. The initiation sites of the crosslinking process are additives that have 
adhered to the machine tooling by polar forces. Eliminating or reducing the action of 
polar groups in PVC formulations should also reduce plateou!. Unfortunately, these polar 
groups are vital for melt release, e.g. stearic acid or oxidised polyethylene waxes, to 
function. It was also acknowledged by the author that the even fully saturated lubricants 
will undergo free radical reactions in the melt ll7 which would hinder any attempt to 
minimise plateout by this method. 
An approach considered by Kayserll3 involved coating the steel tooling with an abrasion 
and corrosion resistant layer, e.g. carbides or nitrides of titanium, chromium or 
aluminium, using physical vapour deposition (PVD) thus preventing plateout by methods 
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described by Szarvasy & Pittman and Bussman et al. A significant drawback of this 
technique is the investment cost for the coated equipment. 
Over the years, PVC formulators and processors have acquired a certain amount of 
experimental and anecdotal experience: 
Formulation-based Techniques 
Large filler/pigment particle sizes or those with smaller specific surface areas I 10 plateout 
less. This could be due to a combination oflower mobility in the melt and inability to key 
into scratches or fissures. However, the dispersion of the particles and the surface finish 
of the finished articles will be poorer. 
Acrylic processing aids and Kieselgel (silicate-acids) products l18 improve die plateout, 
but addition of the latter increases plateout in the calibration. Both products reduce the 
gloss without any changes in lubrication or temperature. 
Pointer discussed the use of fixed-mix or partial fixed-mix PVC gradeslO9. Fixed-mixes 
have the necessary ingredients added to the reactor during PVC polymerisation; partial 
fixed-mixes only have some of the ingredients added to the reactor with the rest added by 
conventional dryblending methods. The most probable reason for their better 
performance is that the solid particles are physically locked inside the PVC grains 
making separation during extrusion much harder. Cost is the most significant drawback 
of this method unless operated continuously with a dedicated reactor. 
Certain products, such as alumina or silica, have been specifically marketed as anti-
plateaut agents 105, 107. These essentially scrub any deposit from the surface of the 
extrusion equipment. 
Equipment/Process Techniques 
Lower melt temperatures reduce the mobility of solids and, hence, improve plateout 
performance 109. I 18,1 19. 
Higher screw speeds reduce plateout due to the scrubbing effect1l8. 
Moisture contamination should be avoided since water content as low as O.05phr 
dramatically increases plateout formation 107. Also, storage time l19 should be reduced as 
some experimental evidence has shown that aged basic lead compounds react with air or 
absorb moisture 120. 
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3 EXPERIMENTAL 
3.1 Materials 
The materials in Table 3-1 are commercial products used in rigid PVC profile 
formulations. The various grades of PE homopolymer wax and oxidised PE waxlHDPE 
possess a wide range of structural properties and were selected according to commercial 
relevance. 
Table 3-1: List oJmaterials 
Material Manufacturer Grade 
PVC (k = 68) EVC SH6830 
Calcium carbonate (CaC03) Omya Hydrocarb 95T 
Titanium dioxide (TiO,) Kronos 2220 
Impact modifier (IM) Kaneka FM22 
Processing aid (PA) Rohm & Haas K125 
Dibasic lead phosphite (DBLP) Chemson T90 
Normal lead stearate (NLS) Chemson Listab 28 
Dibasic lead stearate (DBLS) Chemson Listab 51 
Calcium stearate (CaSt,) Chemson Listab Ca 
Polyethylene homopolymer wax (PE) Honeywell AC 8A 
Polyethylene homopolymer wax (PE) Honeywell AC6A 
Polyethylene homopolymer wax (PE) Honeywell AC 617A 
Polyethylene homopolymer wax (PE) Honeywell AC 16A 
Polyethylene homopolymer wax (PE) Clariant PE 520 
Polyethylene homopolymer wax (PE) Honeywell ACX 1536 
Oxidised PE homopolymer wax (OxPE) Honeywell AC 680 
Oxidised HDPE homopolymer (OxHDPE) Honeywell AC 307A 
Oxidised HDPE homopolymer (OxHDPE) Honeywell AC 316A 
Oxidised HDPE homopolymer (OxHDPE) Honeywell AC 395A 
Paraffin wax (PW) Chemson Nafiolube PPX 
Microcrystalline wax (MW) Sasol C80 
Fischer-Tropsch wax (FTW) Sa sol HN16 
NB Wax properties are shown in Section 3.4.2. 
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3.2 Experiment I: Plateout Analysis 
It is important to determine the additives that are prone to plateout in order to establish 
any mechanism that may help to explain the cause of the plateout phenomenon. 
3.2.1 Experiment Objectives 
Use plateout samples supplied to: 
• Determine what additives and by-products are present in plateout 
• Establish which techniques are effective for analysing plateout 
3.2.2 Samples 
Honeywell supplied eight plateout samples from customers who had collected plateout 
from their own commercial extrusion lines. The details of information, such as methods 
of stabilisation and lubrication, were kept to a minimum and in some cases were not 
provided for confidentiality reasons [Table 3-2]. 
Table 3-2: Plateout sample information 
Sample Formulation Equipment . 
No. StabUisation Lubrication Application Extruder System Screw Type Location Time 
PO 101 Lead Not Wall panels Krauss Maffei Twin-screw Conical Calibration 4-6 hours disclosed KMD60 
PO 102 Lead Not Wall panels Krauss Mattei Twin-screw Conical Calibration 4-6 hours disclosed KMD60 
PO 103 Lead Not Not Not Not Not Not Not disclosed disclosed disclosed disclosed disclosed disclosed disclosed 
PO 104 Lead Not Pipe Cincinnati Twin-screw Conical er mandrel 24 hours disclosed CM65 SC (deeD) 
PO 105 Lead Not Pipe Cincinnati Twin-screw Conical er mandrel 24 hours disclosed CM80 SC 
PO 106 Lead Not Foam BaUenfeld Twin-screw Parallel Mandrel Not disclosed 107 disclosed 
PO 107 Lead Not Foam Battenfeld Twin-screw Parallel Mandrel Not disclosed 107 disclosed 
PO 108 Calcium/zinc PE + others Not Not Twin-screw Parallel Die 5 days disclosed disclosed 
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3.3 Experiment 11: Additive Interaction Study 
The system inside a PVC extruder is complex: chemically, HCl is scavenged in a one or 
two-step reaction, depending on the stabiliser package, or possibly reacts with additives; 
rheologically, a mixture of additives imparts external or internal lubrication. 
Lippoldt addressed additive interactions in tin-based formulations and hypothesised that 
molten hydrocarbon lubricants dissolve certain inorganic additives above a Critical 
Solution Temperature (CST). When a drop in temperature or pressure is experienced 
within the processing equipment, expulsion of the dissolved materials from the lubricant 
carrier to the tooling surfaces occurs leading to plateou!. 
Gilbert et at.123 suggested that four changes to stearates are possible when heated to 
140°C with fillers: 
1. melting and recrystallisation independent of filler; 
Il. melting and coating on the filler; 
Ill. melting and coating on the filler with recrystallisation and/or transformation to 
a different phase; 
IV. melting and reaction with filler. 
Work was conducted to investigate any possible chemical or melting interaction between 
the stabilising and lubricating components of a typical lead-based rigid PVC formulation. 
Tests were carried out on various mixtures by differential scanning calorimetry and hot-
stage optical microscopy. 
3.3.1 Experiment Objectives 
• To understand the melting and recrystallisation of calcium stearate; 
• To detect any irregular melting as a result of stabiliser and wax interactions; 
• To detect any chemical reactions between stabiliser and wax. 
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3.3.2 Mixtures 
For simplicity, only stabilising and lubricating additives were considered for the thermal 
study [Table 3-3]. 
2 component 
mixes 
3 component 
mixes 
4 component 
mixes 
5 component mix 
6 component 
mixes 
Table 3-3: Additive mixtures consideredfor the interaction study 
Mix No. DBLP DBLS NLS CaSt2 OxPE PE PW MW FTW 
2.1 , , 
2.2 , , 
2.3 , , 
2.4 , , 
2.5 , , 
2.6 , , 
2.7 , , 
2.8 , , 
2.9 , , 
3.1 , , , 
3.2 , , , 
3.3 , , , 
3.4 , , , 
3.5 , , , 
4.1 , , , , 
4.2 , , , , 
4.3 , , , , 
5.1 , , , , , 
6.1 , , , , , , 
6.2 , , , , , , 
6.3 , , , , , , 
6.4 , , , , , , 
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3.4 Experiment Ill: Investigation of Polyethylene Homopolymer Properties on Die 
Plateout 
As highlighted in Section 2.B.3, lubricant properties such as melt/drop point, density and 
viscosity influence extrusion performance considerably. This, in turn, will affect the 
tendency of the overall formulation to plateout. 
Extrusion trials were performed to investigate how alterations of the above structural 
properties of polyethylene waxes influence plateout behaviour using a laboratory-scale 
PVC extruder. A range of Honeywell products were tested, along with a competitive 
Clariant grade. 
3.4.1 Experiment Objectives 
• Determine how the structure of polyethylene waxes affects the amount of plateout 
deposition. 
3.4.2 Formulations 
1 2 3 4 
PVC 100 100 100 100 
CaC03 5.50 5.50 5.50 5.50 
Ti02 3.50 3.50 3.50 3.50 
IM 6.50 6.50 6.50 6.50 
PA 1.00 1.00 1.00 1.00 
DBLP 3.00 3.00 3.00 3.00 
NLS 0.25 0.25 0.25 0.25 
DBLS 0.50 0.50 0.50 0.50 
CaSt2 0.25 0.25 0.25 0.25 
AC680 0.20 0.20 0.20 0.20 
AC8A 0.20 0.40 - -
AC6A - - 0.20 0.40 
AC 617A - - - -
AC16A 
- - - -
PE 520 - - - -
AC 307A - - -
-
AC 316A - - - -
AC 395A - - - -
Table 3-4: Trialformulations 
Dosages in parts per hundred (phr) 
5 6 7 8 9 10 11 
100 100 100 100 100 100 100 
5.50 5.50 5.50 5.50 5.50 5.50 5.50 
3.50 3.50 3.50 3.50 3.50 3.50 3.50 
6.50 6.50 6.50 6.50 6.50 6.50 6.50 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 
3.00 3.00 3.00 3.00 3.00 3.00 3.00 
0.25 0.25 0.25 0.25 0.25 0.25 0.25 
0.50 0.50 0.50 0.50 0.50 0.50 0.50 
0.25 0.25 0.25 0.25 0.25 0.25 0.25 
0.20 0.20 0.20 0.20 0.20 0.20 0.40 
- -
-
- - -
0.20 
- - - - - - -
0.20 0.40 
- -
-
- -
- -
0.20 0.40 
- - -
- - - -
0.20 0.40 -
12 
100 
5.50 
3.50 
6.50 
1.00 
3.00 
0.25 
0.50 
0.25 
-
0.20 
-
-
-
-
- - - - - - - 0.20 
- - - - - - - -
- - - - - - - -
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13 14 15 16 17 
100 100 100 100 100 
5.50 5.50 5.50 5.50 5.50 
3.50 3.50 3.50 3.50 3.50 
6.50 6.50 6.50 6.50 6.50 
1.00 1.00 1.00 1.00 1.00 
3.00 3.00 3.00 3.00 3.00 
0.25 0.25 0.25 0.25 0.25 
0.50 0.50 0.50 0.50 0.50 
0.25 0.25 0.25 0.25 0.25 
- - - - -
0.20 0.20 0.20 0.20 0.20 
-
-
- - -
- - - - -
- - - - -
- - - - -
0.40 
-
-
- -
- 0.20 0.40 - -
- - -
0.20 0.40 
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Wax properties 
Table 3-5: PE homopolymer wax properties 
Drop Point a Melt Point b Densit~ c Viscosity d Molecular Weight Distribution· 
(DC) (DC) (kg/m) (cps) Mw Mo PD 
AC8A 113 111 0.93 450 6345 2460 2.58 
AC6A 106 104 0.92 375 6310 2495 2.53 
AC 617A 101 99 0.91 180 4940 1880 2.63 
AC 16A 102 100 0.91 525 6855 2690 2.55 
PE 520 119 115 0.93 624 5525 1235 4.47 
a ASTM 0-3954; b DSC; C ASTM 0-1505; d Brookfield@ 140°C; e GPC 
Table 3-6: Oxidised PE homopolymer properties 
Drop Point a Melt Point b Densit~ c Viscosity d Acid No. 9 
(DC) (DC) (kg/m) (cps) (mg KOH/g) 
AC680 108 104 0.93 250 16 
AC 307A 140 131 0.98 85000 f 7 
AC 316A 140 132 0.98 8500 f 16 
AC 395A 137 134 1.00 2500 30 
a ASTM 0-3954; b DSC; C ASTM 0-1505; d Brookfield@ 140DC; f Brookfield@ 160°C; 
9 ASTM 0-1386 
Note: 
Properties values a. cod. f, g were obtained from product data sheets93,i02 [Appendix IV]. 
b was determined using the procedure in Section 3.6.2 
e was determined using the procedure in Section 3.6.4. 
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3.5 Experiment IV: Investigation of Stearate and Wax Dosage on Die Plateout 
To follow-up Experiments 11 and Ill, an experiment was devised to investigate how 
variations in dosage of calcium stearate, normal lead stearate and non-oxidised 
polyethylene homopolymer wax affect the processing conditions and the amount of die 
plateou!. 
An ECHlp® 7.0 design of experiments interaction model was used to analyse the data. 
3.5.1 Experiment Objectives 
• Determine how variations in dosage of calcium stearate, normal lead stearate and 
polyethylene wax affect the amount of die plateout; 
• Determine any interaction between the above additives. 
3.5.2 Formulations 
PVC 100.00 100.00 
CaC03 5.50 5.50 
TiO. 3.50 3.50 
IM 6.50 6.50 
DBLP 3.00 3.00 
PA 1.00 1.00 
OxPE 0.20 0.20 
DBLS 0.50 0.50 
CaSt. 0.25 0.05 
NLS 0.25 0.25 
Wax: 0.20 0.10 
AC8 1 19 
PE 520 9 28 
ACX 1536 37 38 
AC 16 7 47 
Table 3-7: Trialformulations 
Dosages in phr 
100.00 100.00 100.00 100.00 
5.50 5.50 5.50 5.50 
3.50 3.50 3.50 3.50 
6.50 6.50 6.50 6.50 
3.00 3.00 3.00 3.00 
1.00 1.00 1.00 1.00 
0.20 0.20 0.20 0.20 
0.50 0.50 0.50 0.50 
0.45 0.05 0.45 0.05 
0.05 0.45 0.45 0.05 
0.35 0.10 0.10 0.50 
20 21 22 23 
29 30 31 32 
39 40 41 42 
48 49 50 51 
Trial Number 
100.00 
5.50 
3.50 
6.50 
3.00 
1.00 
0.20 
0.50 
0.45 
0.05 
0.50 
24 
33 
43 
52 
100.00 100.00 100.00 
5.50 5.50 5.50 
3.50 3.50 3.50 
6.50 6.50 6.50 
3.00 3.00 3.00 
1.00 1.00 1.00 
0.20 0.20 0.20 
0.50 0.50 0.50 
0.05 0.45 0.00 
0.45 0.45 0.30 
0.50 0.50 0.30 
25 26 27 
34 35 36 
44 45 46 
53 54 55 
The additive dosages (relative to PVC) were constant throughout the study except for 
those of CaSt2, NLS and wax of which ten different dosage permutations were selected. 
Four waxes were considered: AC SA - Trials I, 19-27; PE 520 - Trials 9, 28-36; ACX 
1536 - Trials 37-46; and AC 16A - Trials 7, 47-55, a total of 40 trials. 
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3.5.3 ECHlp@, Design of Experiments 
ECHIP is a tool for optimising research by minimising the number of trials whilst 
achieving statistically sound results. The interface is based on an experimental cycle 
[Figure 3-1] that allows the user to design the experiment in a logical manner, starting 
with the Design Variables. 
Design Variables.:: 
r AnaIY'is,..;-·-··~~~~ 
r A~alY2e Data... ' ! 
I Results .. : !Predictions···1 i 
L~r~p~l~~I~::JJ 
Standard ... 
Algorilhmic .... 
I:JE] "::' Edit Response.:. '., I:JE] .. Edit Design ... 
o ':.' Flesp~nse Variable.: .. 
Figure 3-1: ECH1P main cycle 
Design Variables 
Input variables are selected depending on the experiment. There are four types of 
variable l2 ! : 
• Continuous <C> - posses lower and upper limits, and can be set to any range in 
between. A variable may be continuous even if conditions do not allow you to 
obtain every possible setting; 
• Categorical <K> - have discreet levels. They are the most expensive variables in 
terms of the amount of trials required to determine their effects; 
• Block <B> - used to segment the experiment into groups of trials; 
• Mixture <M> - used if the variables are specified as a percentage range from 0 to 
1.0. Very small mixture components under 1% may be treated as continuous. 
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There were four design variables in total [Table 3-8]: three concerning the dosages for 
calcium stearate (LiCa), normal lead stearate (Li28) and PE wax were continuous; the 
fourth variable was categorical with each level corresponding to the grade of wax. 
Table 3-8: DoE design variables 
Design Variable Variable Type Range Level 
CaSt Continuous 0.0-0.5 phr N/A 
NLS Continuous 0.0-0.5 phr N/A 
Wax Continuous 00-05 phr N/A 
AC8 
Grade Categorical N/A PE520 ACX1536 
AC16 
Design: Standard ••• 
There are two design types: 
• Screening designs filter the variables according to the magnitude of their linear (first-
order) effects'2'. Variables with low first-order effects are deemed uninteresting. 
• Response surface designs are the subsequent refinement of the screening design, i.e. 
optimisation of the experiment by eliminating variables deemed uninteresting by the 
screening experiment. Pre-calculated interaction (3.1), quadratic (3.2) or partial cubic 
(3.3) models are available: 
2 2 
ao +a,x, +a2x2 +a,zx,x2 + all x, +a22 xZ 
" 2 2 2 
ao +a,x, +a2x2 +a'2x,x2 +allxj +a22 x2 +allzx, +a!22x,x2 
where ai is the coefficient and Xi is the continuous variable 
Design: Algorithmic ... 
(3.1) 
(3.2) 
(3.3) 
Algorithmic designs allow further optirnisation of the standard design by editing the 
model to include variable interactions, for example: 
(3.4) 
where a2 interacts with a} but not a3. 
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An interaction-based algorithm based on three continuous variables (calcium stearate, 
normal lead stearate and PE wax) and one four-level categorical variable (wax grade) 
would be as follows (3.5): 
Go + G1X1 + G,X, + GJXJ + G1,X1X, + GlJX1X3 + G2JX,XJ + 
Go[2] + G1xl [2] + G,x,[2] + GJx,[2] + G12 XIX,[2] + GlJxlx,[2] + G2J x,x3 [2] + 
Go [3] + G1X1 [3] + G,X, [3] + GJxJ [3] + G12 XIX,[3] + GlJX1X3 [3] + G2J X,X3 [3] + 
Go[ 4] + G1X1[ 4] + G,X, [4] + GJx,[4] + G1,XjX,[ 4] + GlJx1xJ[4] + G2J X,x3 [ 4] 
(3.5) 
where U = AC8, [2] = PE520, [3] = ACXl536 and [4] = ACl6 (the categorical levels). 
ECHIP tabulates the above algorithm as follows [Table 3-9]: 
Table 3-9: DoE interaction model using continuous and categorical variables 
Term CaSt, NLS Wax Grade 
0 0 0 0 0 CONSTANT 
1 1 0 0 0 LCa 
2 0 1 0 0 L28 
3 0 0 1 0 Wax 
4 1 1 0 0 LCa*L28 
5 1 0 1 0 LCa*Wax 
6 0 1 1 0 L28*Wax 
7 0 0 0 2 Grade[PE520) 
8 0 0 0 3 Grade[ACX1536) 
9 0 0 0 4 Grade[AC161 
10 1 0 0 2 LCa*Grade[PE5201 
11 1 0 0 3 LCa*Grade[ACX 1536) 
12 1 0 0 4 LCa*Grade[AC16) 
13 0 1 0 2 L28'Grade[PE5201 
14 0 1 0 3 L28*Grade[ACX15361 
15 0 1 0 4 L28*Grade[AC16) 
16 0 0 1 2 Wax*Grade[PE520) 
17 0 0 1 3 Wax*Grade[ACX1536j 
18 0 0 1 4 Wax*Grade[AC161 
19 1 1 0 2 LCa*L28*Grade[PE520). 
20 1 1 0 3 LCa*L28*Grade[ACX1536) 
21 1 1 0 4 LCa*L28*Grade[AC16j 
22 1 0 1 2 LCa*Wax*Grade[PE5201 
23 1 0 1 3 LCa*Wax*Grade[ACX1536) 
24 1 0 1 4 LCa*Wax*Grade[AC16j 
25 0 1 1 2 L28*Wax*Grade[PE5201 
26 0 1 1 3 L28*Wax*Grade[ACX15361 
27 0 1 1 4 L28*Wax*Grade[AC16) 
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Edit Design •.• 
After allowing ECHIP to make the design, the Edit Design ... screen displays a 
spreadsheet of the trials required for the experiment. 40 trials (10 trials per category) 
were devised [Table 3-10]. 
Table 3-10: Experimental trials 
Trial CaSt, NLS Wax Grade 
1 0.25 0.25 0.20 AC8 
2 0.05 0.25 0.10 AC8 
3 0.45 0.05 0.35 AC8 
4 0.05 0.45 0.10 AC8 
5 0.45 0.45 0.10 AC8 
6 0.05 0.05 0.50 AC8 
7 0.45 0.05 0.50 AC8 
8 0.05 0.45 0.50 AC8 
9 0.45 0.45 0.50 AC8 
10 0.00 0.30 0.30 AC8 
11 0.25 0.25 0.20 PE520 
12 0.05 0.25 0.10 PE520 
13 0.45 0.05 0.35 PE520 
14 0.05 0.45 0.10 PE520 
15 0.45 0.45 0.10 PE520 
16 0.05 0.05 0.50 PE520 
17 0.45 0.05 0.50 PE520 
18 0.05 0.45 0.50 PE520 
19 0.45 0.45 0.50 PE520 
20 0.00 0.30 0.30 PE520 
21 0.25 0.25 0.20 ACX1536 
22 0.05 0.25 0.10 ACX1536 
23 0.45 0.05 0.35 ACX1536 
24 0.05 0.45 0.10 ACX1536 
25 0.45 0.45 0.10 ACX1536 
26 0.05 0.05 0.50 ACX1536 
27 0.45 0.05 0.50 ACX1536 
28 0.05 0.45 0.50 ACX1536 
29 0.45 0.45 0.50 ACX1536 
30 0.00 0.30 0.30 ACX1536 
31 0.25 0.25 0.20 AC16 
32 0.05 0.25 0.10 AC16 
33 0.45 0.05 0.35 AC16 
34 0.05 0.45 0.10 AC16 
35 0.45 0.45 0.10 AC16 
36 0.05 0.05 0.50 AC16 
37 0.45 0.05 0.50 AC16 
38 0.05 0.45 0.50 AC16 
39 0.45 0.45 0.50 AC16 
40 0.00 0.30 0.30 AC16 
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Response Variables ... 
Plateout rating and melt temperature were the dependent variables. 
Edit Response ... 
After completion of the experiments, the response data were entered into this spreadsheet 
according to the trial number. 
Analysis of Results ... 
ECHJP analysed the results by clicking the Analyse Data ... button. 
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3.6 Experimental Procedures 
3.6.1 Laboratory-scale Plateout Test 
3.6.1.1 Dryblending 
Preparation of the dryblend material was achieved using an eight-litre T.K. Fielder 
mixer. Approximately 4.5kg of material was required to run the extrusion test for the 
allotted 70 minutes at a mass output rate of --4.0kglhr, so two 3kg runs were performed 
per blend. The concentrations of the individual formulation ingredients, quoted in parts 
per hundred pve (phr), were multiplied by a factor of 25 to produce a figure in grams. 
These were then weighed into a small bucket according to the relevant formulation. 
The weighed material was poured into the pre-heated (800 e) mixing chamber and mixed 
at a rate of 2000rpm up to 1200e when it was evacuated into the cooling chamber and 
stirred for a further five minutes. 
The mixing chamber was then cleaned of any remaining material, and the above 
procedure was repeated one more time to produce the final batch of -6.0 kg. The chilled 
dryblend was then scooped into a plastic bucket and allowed to condition for at least 48 
hours prior to extrusion. 
3.6.1.2 Twin Screw Extrusion 
Dryblend material was extruded using a Krauss Maffei KMD L25 conical twin-screw 
extruder equipped with a custom-made plateout die using the temperature settings in 
Table 3-11. Refer to Appendix 111 for the determination of the processing conditions. 
Table 3-11: Project processing conditions 
Screw Speed 
20 
Ensuring that the extruder had been purged with Doejlex® Vinyl (a pve compound of 
high lubricant and stabiliser contentI25), the test was allowed to commence after the 
equipment had reached the required processing temperature (approximately 35-45 
minutes). The dryblend was poured into the hopper and fed into the barrel via a 
horizontal screw system. The feed rate was determined by balancing the level of material 
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(50-70%) within the screw flights at the decompression zone whilst keeping the mass 
output at 4.0 ±0.4 kglhr. The 70-minute experiment was started when 50% of the green 
colouration, from the purge material, had vanished. The extrudate was passed through the 
calibration to a caterpillar haul-off. 
Extrudate samples were taken at 10, 20, 30, 40, 50, 60 and 70 minutes. At 20, 40 and 70 
minutes, the: barrel zone, die and screw temperaturest ; screw speed; motor torque; mass 
output; and screw level and fusion ratings were recorded. The melt temperature was 
determined by performing DSC analysis on a sample of extrudate taken at the 70-minute 
time-interval. 
After the allotted 70 minutes, the plateout die was dismantled and evaluated using 
cognitive rating system (see below). After evaluation, residue was scraped off the die 
with a clean, dry razor blade and transfered in a glass vial. The die was cleaned using 
Autosot" metal polish and a cotton cloth whilst still warm. 
Rating System 
The following parameters were given a score of 0 to 5 at 0.5 increments during and after 
the experiment: 
• Screw level - the amount of material visible within the screw flights at the 
decompression zone. A score of 0 was given to an empty screw whilst 5 meant 
that it was 100% full. Scores of2.5 to 3.5 equated to a mass output of -4.0kglhr; 
• Fusion - the degree of apparent fusion by visual cognition at the decompression 
zone from 0 (no fusion, i.e. dryblend state) to 5 (full fusion); 
• Plateout - the degree of plateout deposition was evaluated on pieces 1, 2, 3, 4, 5 
and 6 [Figure 3-2 and Figure 3-3]. 0 meant no plateout whilst 5 meant the 
substrate was completely covered. The individual scores where then aggregated 
to produce the overall score for the particular formulation. 
t The temperatures recorded were those of heaters (Le. the oil temperature) NOT the melt temperature 
since the extruder was not equipped with in-situ thermocouples. No pressure measurements were taken 
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1 2 3 4 6 
O.9mm I -h~$~~~ .... __ .L~ __ ~ __ . ~ Flow 
Figure 3-2: Plateout die (side view) 
195mm 
55mm -_ .. _- -~-- ~ Flow 
Figure 3-3: Plateout die (top view) 
3.6.2 Differential Scanning Calorimetry (DSC) 
DSC is a commonly used technique for determining the thermal properties (e.g. glass 
transition, melt temperature) of materials. In the context of this thesis, DSC was used 
identify components in supplied plateout samples, analyse additive interactions, and 
determine the processing temperature and an indication of the degree of PVC fusion due 
to extrusion. 
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3.6.2.1 Determining Melt Temperature 
All supplied plateout samples had their thermal properties profiled. These were then 
compared with reference thermograms of individual PVC additives, such polyethylene 
wax [Figure 3-4], to provide an insight into the composition of the plateout. 
Plateout samples, of mass 3.50 mg ± 0.50 mg, were placed in an aluminium pan with lid. 
DSC was performed using a DuPont Instruments 910 Differential Scanning Calorimeter 
attached to a TA Instruments Thermal Analyst 2000. The samples were heated to a 
temperature of 220°C at a rate of 10°C/min in a nitrogen atmosphere. They were then air 
cooled down to 40°C and a second heat treatment was then applied, again to 220°C at 
10°C/min. 
When considering the net thermal history of the plateout samples, the first and second 
heat treatments above, are essentially the second and third heat treatments, respectively, 
as extrusion is considered to be the first heat treatment. 
The PVC additives were characterised using the same procedure above but with an 
additional third heat treatment to 220°C at 10°C/min. 
Sample: AC 16A 
DSC File: C: ... \Nv\47-59\Wax\ac16ai Operator: Neil Varshney Size: 3.9000 mg 
Method: PE Wax melt 
Comment: PE wax· as supplied 
Run Date: 7-Jul-03 14:58 
0.4~-----------_-----_________ _ 
0.2 1 _____ 90.87"C 
1/'-----+-~~~~-----~1~04t~~~~~~-------~ 
0.0 
~ -0.2 
~ 
0 
ii: 
10 
-0.4 ID 
J: 
-0.6 
-0.8 
-1.0+--------,------,------.-----,-----,--__ --,-___ --,--__ --1 
o 20 40 60 80 100 120 140 160 
Em up Temperature Cc) 
Figure 3-4: Melting trace of a PE homopolymer wax 
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3.6.2.2 Determining Additive Interactions 
Two or more additive samples were mixed together (I: 1 ratio by weight) using a pestle 
and mortar. 
The additive mixtures, of mass 3.50 mg ± 1.00 mg, were heated in covered aluminium 
pans from room temperature to 200°C at lOoC/min in nitrogen. They were then cooled at 
IO°C/min to 30°C using an attached refrigeration unit. A second heat treatment was 
applied, again at 10°C/m in to 200°C. It should be noted that the maximum operating 
temperature of the refrigeration unit was 200°C. 
3.6.2.3 Determining Fusion Level and Processing Temperature 
4.00 mg ± 0.40 mg extrudate samples obtained from the Plateaut Test were placed in 
covered aluminium pans and heated at 20°C/min from 40°C to 240°C in a nitrogen 
atmosphere. Sample preparation was critical. Material of the same area (-9mm2) was 
taken from the same position along the width of the extrudate as fusion levels can 
vary124. The outer skin of the sample was sliced off with a razor blade. 
Sample: Tria/52 - 70 minutes 
Size: 3.9000 mg 
Method: PVC 
Comment: Triplicate 
DSC File: C: ... \Analysis\S2-70 iii Operator: Neil Varshney 
Run Date: 1-Sep.03 15:32 
·0.3,---,-------------------------, 
.(l.4 
0> 
~ 
i5 
u: 
m 
ID 
:I: 
.(l.5 
60 
&cUp 
80 
84.3S"C 
Glass transition (Tg) 
/ 
122.46"C 
2.6DOJ/g 
Endotherm 'A' 
100 120 140 
Temperature Cc) 
Maximum processing 
temperature 
Endotherm 'B' 
160 180 200 
Figure 3-5: DSC oJpoly(vinyl chloride) extrudate 
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Figure 3-5 is typical ofa fusion curve. Features of note 57 are: I) a second order transition 
around 85°C (the glass transition temperature of PVC); 2) the temperature range -115-
198°C (endotherm A) which corresponds with the melting of low melt point crystallites 
and the annealing of higher melting crystallites within crystalline structure and 3) a 
smaller endotherm (endotherm B) which is the melting of the aforementioned higher 
melting crystallites. The onset of endotherm B is also the maximum processing 
temperature reached by the material. 
Work by Potente l26 and, latterly, Fillot et al. m have suggested that the degree of fusion 
can be calculated by considering the areas of A and B (3.6) or A with Amax (3.7) 
respectively. 
Potente l26: Fusion = _A_ x 100 
A+B 
FilIot et al. 127: Fusion = ~x 100 
Amax 
(3.6) 
(3.7) 
where Amax is the area of the curve after a second heat cycle as the crystallites are 
assumed to have undergone total fusion during the first heat cycle. 
However, the end point of area B or Amax was very hard or impossible to establish using 
extrudate prepared by the extrusion test, so equation (3.8) was used to provide an 
indication offusion level 128 • 
Fusion =..:i. x 100 
10 
(3.8) 
where A is the corrected enthalpy value after considering the fraction of PVC in the 
dryblend (3.9), and 10 Jig is an approximate value for 100% fused PVC. 
A = phrofPVC 
phr of dryblend 
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3.6.3 Mass Spectrometry 
Mass spectrometry is used to identify, with precision, the atomic masses of isotopes of 
elements throughout the periodic table. Principally, charged ions are deflected through an 
electric and magnetic field and are collected on a plate. The time taken to reach the plate 
enables the mass to charge ratio of an isotope to be calculated. 
The resulting mass spectrum is a plot of mass to charge ratio (m/z) versus the relative 
intensity of a particular isotope [Figure 3-6]. Identification is achieved by considering the 
relative abundance of the isotopes, e.g. titanium possesses five isotopes of mass 46, 47, 
48,49 and 50 at 8.0, 7.5, 73.7, 5.5 and 5.3% respectiveli 29, or by cross-referencing with 
standard control materials. 
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Figure 3-6: Mass spectrum (LIMA) - cations in a lead-based plateout sample 
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3.6.3.1 Laser Ionisation Mass Analysis (LIMA) 
LIMA is a micro-analytical technique that uses a focused laser beam to ionise micron-
sized samples which are then detected by a time-of-flight mass spectrometer130- I32 . Its 
high sensitivity allows full detection of all elements in the periodic table and molecular 
species in parts per million (ppm). Common uses for this technique include the analysis 
of impurities on circuit boards, detecting trace metals in biological tissue or depth 
profiling of coated substrates. 
Pilot laser 
Eye-;-fj 
Piece? 
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Figure 3-7: Schematic oiL/MA 
Small fragments of plateout were isolated from any PVC material present using a 
magnifying glass. The plateout was then attached to a platform using double-sided sticky 
tape and passed through to the ultra high voltage sample chamber of a Cambridge Mass 
Spectrometry Ltd LIMA-2A Laser Induced Ion Mass Analyser via an air locking 
mechanism. 
A "Q" switched Nd:YAG laser of 1064nm (frequency doubled and quadrupled to 532nm 
and 266nm, respectively) was focused on a target area of approximately 1-3!!m in 
diameter, producing a crater O.25!!m deep after ablation. The resulting cations or anions 
were then accelerated and focussed into a time-of- flight mass spectrometer - for better 
mass resolution, a second order energy correction, after further reflection, was performed 
automatically. 
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3.6.3.2 Gas Chromatography/Mass Spectrometry (GC/MS) 
Chromatography is a technique for separating the components of a mixture by employing 
a series of equilibrium conditions that separate these components by partitioning between 
two different phases, one stationary with a large surface area and the other a moving 
phase in contact with the first i33• 
Gas chromatography is a particularly good method for the analysis of gaseous samples, 
liquid solutions and volatile solids. A dissolved sample is injected into a heated injector 
unit where it is vaporised. An inert carrier gas such as nitrogen, helium or argon (the 
mobile phase) picks up the vapour and conveys the dissolved sample to a heated 
chromatographic open tubular capillary column, typically a coiled fused silica tube 30m 
long and 0.25mm in diameter134,135. The inner surface of the tube is coated with a layer 
(the stationary phase) between 0.25-5!lm thick - the type of stationary phase is dependent 
on the sample to be tested for separation reasons. Differences in retention on the 
stationary phase cause the components of the mixture to separate as the carried vapour 
flows through the chromatographic column. Therefore, the least sorbed components elute 
first. 
Carrier gas 
inlet 
-
Injection port 
Ioniser 
GC column 
Analyser 
region 
Focusing lenses 
Electron 
multiplier 
Figure 3-8: Schematic of a typical GelMS system 
Data 
handler 
In a GC/MS system [Figure 3-8]133, a mass spectrometer attached at the end of the 
column causes ionisation of the solute molecules after the carrier gas is removed in an 
interface unit. The ions are subsequently accelerated towards a detector and data handler. 
As with LIMA, the plot obtained is a mass/charge ratio (mlz) versus intensity. 
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3.6.4 Gel Permeation Chromatography (GPC) 
GPC is a powerful technique for obtaining molecular weight distribution information of a 
polymerJ36. 
A small sample of polymer is dissolved in a solvent and injected into a solvent filled 
column packed with porous, crosslinked gel particles. The technique relies on selective 
permeation of polymer molecules into the gel- low molecular weight fractions permeate 
the pores, whereas the larger fractions circumvent the gel altogether. These larger 
fractions therefore emerge from the column first and pass through a detector cell, with 
the smaller particles emerging later due to their longer path length. Important data 
collected by the detector and subsequently calculated by the appropriated software are 
number-average molecular weight (Mn), weight-average molecular weight (Mw) and 
polydispersity (PD). 
Mn is a ratio of the total weight of a number of molecules. It is approximately the 
maximum of a mass distribution curve!36 and is sensitive to low molecular weight 
speciest37.138 since there can be more present per unit weight137• 
IN,M, 
Mn =-,-='~-IN, (3.10) 
where N, is the number of molecules of molecular mass M,. 
Mw is the sum of the product of the weight fraction with molecular weight and is, thus, 
sensitive to high molecular weight species!37: 
Mw = Iw,M, (3.11 ) 
where molecular fraction, w, is: 
NM w.:;::: I I 
, IN,M, (3.12) 
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IN;M;' 
therefore, Mw = -i=! ;-------
IN;M; 
Experimental 
(3.13) 
PolydispersityI37-140, D, is used to describe the distribution of molecules with higher 
values indicating a more broad distribution. 
(3.14) 
All the PE homopolymer waxes used for the extrusion studies had their molecular weight 
distribution profiled. The work was performed by RAPRA Technology Ltd. 142. 
3.6.4.1 Sample Preparation 
A single solution of each sample was prepared by adding 15ml of solvent to 15mg of 
sample and heating at 190°C for 20 minutes, with shaking to dissolve. The solution was 
then filtered through a metal sinter at 160°C and part of each filtered solution transferred 
to glass sample vials. The vials were then placed in a heated sample compartment and 
after an initial delay of thirty minutes to allow the samples to thermally equilibrate; 
injection of part of the contents of each vial into the column was carried out 
automatically. 
3.6.4.2 Chromatographic Conditions 
Instrument: 
Columns: 
Solvent: 
Flow-rate: 
Temperature: 
Detector: 
Calibration 
Polymer Laboratories GPC220, 
PLgel guard plus 2 x mixed bed-B, 30 cm, 10 microns, 
I ,2,4-trichlorobenzene with anti-oxidant, 
1.0 ml/min (nominal), 
160°C (nominal), 
Refractive index (& Viscotek differential pressure). 
Polystyrene 
Data capture and subsequent data handling was carried out using Viscotek 'Trisec' 3.0 
software. 
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3.6.5 Fourier Transform Infra-red Spectroscopy (FTIR) 
Infra-red spectroscopy is a useful method for determining structure and identifying 
functional groups of polymers by exploiting the interaction of infra-red electromagnetic 
radiation with mass I37,139, Each structure or group, influenced by adjacent groups, 
absorbs a certain wavelength of radiation causing bonds to stretch, bend, wag, twist or 
rock. The absorbed energy required to cause these excited states can be related to the 
wavelength (or wavenumber) to provide a fingerprint spectrum for any given molecule 
[Figure 3-9], 
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Figure 3-9: Infra-red absorbance spectrum of calcium carbonate 
Fourier Transform infra-red spectroscopy (FTIR) utilises an interferometric method to 
enhance resolution 140, 
3.6.5.1 Diffuse Reflectance Infra-red Fourier Transform Spectroscopy (DRIFT) 
DRIFT is a variation of FTIR that allows small quantities of powder sample to be 
analysed when in an infra-red transparent medium, e.g. potassium bromide (KEr). The 
incident infra-red beam (Io) and is diffusely reflected (Id) from the surface of sample 
particles [Figure 3-IOJ and is collected by a parabolic mirror and passed to a detector 
[Figure 3-11]141. 
For this work, DRIFT was used to fingerprint additives commonly used in rigid PVC 
lead formulations. 
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Powder sample 
Figure 3-10: Schematic 0/ DRIFT 
Elliptical refocusing mirror 
Figure 3-11: Schematic diagram o/a DRIFT cell 
Transmittance spectra were obtained using a SPECAC "The Selector" diffuse reflectance 
PIN 19900 series attachment for the Mattson Instruments 3000 FTIR spectrometer. The 
concentration of the ground sample material in KBr was approximately 2.5%. 400 scans 
were taken at 4cm·1• The data were collated by Mattson Instruments First (v.1.52) 
software and analysed by ACD Labs Spec Viewer (vA.53). 
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3.6.6 Microscopy 
3.6.6. J Optical Microscopy 
The additive samples were inspected with a Nikol1 optical microscope, at a magnification 
of 100 times. Whilst in a liquid paraffin medium (with cover-slip), the shape, structure 
and birefringence of the additi ves were noted using three modes of light: normal , 
polari sed and Differentia l Interference Contrast (DI C, if the materi al possessed a similar 
refractive index to the liquid paraffin medium). Microphotgraphs were taken with a 
digita l video camera. 
3.6.6.2 Hot-stage Microscopy 
The optical melting po int of materials is determined by noting the temperature at which 
any sign of birefringence di sappears. Birefringence is a property of anisotropic 
crysta lline materials. When inspected under polarised light they appear as bright regions 
on an otherwise dark background [Figure 3- 12]. 
fIgure 3-/2: Birefringellce of a PE wax 
Individual add itives and mixtures were analysed with the Nikon optical microscope with 
a Mettler Scientific FPS hot-stage attachment using polarised light. The powder material 
was placed on a slide with coverslip (without the liquid paraffin medium) and the 
mixtures were prepared by crushing the powder together with a pestle and mortar. The 
temperature rate was 10°C/min up to a maximum of 200°C. Aga in, a magnification facto r 
of 100 was used. 
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3.6.6.3 Scanning Electron Microscopy (SEM) 
SEM is a method of inspecting objects at a magn itude greater than convent iona l op tica l 
microscopy (- 10 to 300k magn ification). Essen ti ally, a focussed electron beam of - 5 to 
50keyl 43 is fired at a sample producing an assortment of interactions [Figure 3_ 13]1 44 
Incident beam 
Primary backscattered electrons «1eV) 
Cathodoluminesence 
Auger electrons 
SAMPLE 
Figure 3-13: ElectroJ1ispecimell interactions ill SEM 
The interactions of interest are usua lly the secondG/ )I electrons, the primG/)I 
backscatlered electrons and x-rays that are detected and processed. 
Secondary electrons 
Secondary electrons from a depth of up to 10nm of the sample leave at an energy 
between I-I Oey l4) due to excitement caused by the incident beam. Secondaty e lectrons 
are used for topologica l anal ys is. 
Backscattered electrons 
The scattering of beam electrons produces backscattered e lectrons as the sample 's 
pos iti ve ly charged nucle i defl ects them I4). 144 These are then ejected from the top surface 
of the sample at high angles. Backscattered images are useful for topological and 
e lemental analys is, where elements of lower atomic mass species appear dark. 
X-Rays 
X-rays emitted from the surface are used for energy dispersive x-ray analysis (E OX) to 
obtain the elemental composi ti on of a sample. 
The plateout samples were go ld coated , as supplied, and observed with a Cambridge 
Instruments Stereoscan 360 w ith EOX analyser. Backsca ttered images were used for the 
EOX analysis. All samples were tested except for PO I 02 and PO I 10, which were 
considered identical to PO I 0 I and PO I 08, respecti ve ly. 
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3.6.7 Haake Torque Rheometer 
As mentioned in Section 2.7. / , torque rheometry is a useful tool for assess ing the fusion 
behav iour of a given compound, so as to establi sh a balance between good processIng 
and product properties. 
60g of dryb lend were fed into a FisOIlS Haake Rheomi x® 600 cha mber preheated at 
190°C. The materi al was mi xed at 40 rpm using the app ropriate polymer paddles. Torque 
and melt temperature measurements were taken every 12 seconds and analysed by a 
Fisons Haa ke Rheocord® 90 [Figure 3- 14]. 
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The data recorded were fusion time, fusion torque and stability time, as stipulated in D-
150551 
• Fusion time - time from the start of the test (excluding the preheat) to the that of 
the highest torque; 
• Torque at fusion - the peak value of the curve and is assumed to be when the 
PVC is in its most gelled sta te; 
• Stabili ty time - the time when a sudden increase in motor torque, due to 
cross linking of the polymer, is observed minus the fusion time. 
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Chapter 4 Results and Disc lIssion I: Plateoul Analysis 
4 RESULTS A D DISCUSSION I: PLATEOUT ANALYSIS 
Of the analytical techniques attempted, differential scanning calorimetty (DSC), diffuse 
refl ectance infra-red spectroscopy (DRIFT), back scattered scanning electron microscopy 
(SEM-EDX), laser ioni sation mass analysis (LIMA) and gas chromatography/mass 
spectroscopy (GC/MS) provided the best complementaty informati on for determining the 
composition of the supplied plateout samples. 
Refer to Appendix I for reference DSC thennograms [Figures 10.1-4] and DRI FT spectra 
[Figures 10.5- 12]. 
4.1 POIOI and POJ02 
Quantity: Several grams 
Stabilisation: Lead 
Lubrication: Not disc losed 
Application: Wall panels 
Extrude,': Krauss Maffei KMD 60 
System: Twin screw 
Screw Type: Conical 
Location: Calibration 
Right unit: PO 101 
Left unit: PO I 02 
Time: 4-6 hours 
Appearance: Waxy green and black flakes 
Figure 4-1: POIOI 
Notes: PO I 0 I and PO I 02 were from the same processing equipment and were 
considered to be identical for analysis purposes. Therefore, on ly PO I 0 I 
wi 11 be discussed. 
Themlal analysis of the dark and light [Figures 4.2-5 and Table 4- 1] coloured particles 
showed di fferences ill the melt profiles, indicating a difference in composition. 
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Samplc: P010l - darl< 
Size: 34000 mg 
Comment Closed pan 
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Resu1fs and Discuss ion I: Plaft:ou l Analysis 
Filc: C·llalDala\NV\101darkl 
Operator: NCII Varshncy 
Run Date: 25-Nov.Q3 10·,3 
39.96·C 
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Samplc : P0101 - dark 
Size· 3.4000 mg 
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Figure 4-2: Firsthe(lling cycle o/POIOI (d(lrk lIIt/teria/) 
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Figure 4-3: Secolld heating cycle oj'POIOl (dark materia/) 
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Sample: POl O! - light 
Size: 7.2000 mg 
Comment: Closed pan 
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Operator: Neil Varshney 
Run Date: 25-Nov-03 09:33 
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Figure 4-4: First healing will coo/iug cycle o/POI Of (light materia l) 
Sample: POIOI -light 
Size: 7.2000 mg 
Comment: Closed pan 
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Figure 4-5: Second heatillg cycle of pO/OJ (ligh' material) 
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Table 4-/: Me/lillg peaks oIPO/ O/ 
Portion Peaks Appearance 
1" Heat 2'd Heat after 2'd heat 
40.0 48.3 
Dark 51.9 52.5 Charredl 64.3 (shoulder) 85.5 degraded 89.3 
Light 40.3 50.9 Charredl 53.9 degraded 
Melting peaks in the region of 40-55"C during the firsl heat ing cycle can be attributed to 
the saturated fatty acids palmitic ac id (C I5H3ICOOH) and stea ri c ac id (CI 7H3,COOH) 145, 
as shown by GC/MS [Figure 4-6) DRIFT [Figure 4-7 and Tab le 4-2) and in agreement 
with Clarke l1 6 By considering the melt enthalpies (intensities of the peaks) of these fa tty 
acids, it can be seen that the light part ic les were richer in the higher molecular weight 
stearic acid with very little, if any, lower molecular weight palmitic acid , as shown by the 
second hea t cycle [Figure 4-5]. For the darker particles, the melt enthalpies of the two 
fatty ac ids remained equal during both the heating cycles, indicating similar quantities. 
After comp letion of the second rUIlS, both the dark and light samples were 
charred/degraded. 
Stearic acid 
Palmitic cid 
"\; 1 
·1 0 ..... ; 
Technical stearyl stearate 
( 
OOP 
~_JL __ .A J~_L~"l.".I\."''-VVV-'''''-- -
o 
o H> 
Figllre 4-6: GC/MS oIPO/OJ 
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Figure 4- 7: Illfra-red absorballce !<.peCfJ'1I111 of PO /01 
Table 4-2: l llji-a-red absorbance ilientijiclllio ll j(H POIOf 
Intensity Assignment cm'1 Intensity Assignment 
M C-H stretch 1404.27 W O-H bend 
VS " 1269.24 W C-O stretch 
S " 1182.44 W 
W C=O stretch 1055.13 M 
W P related 877 .67 W =C-H and CH, bending 
M C-H bend 721.42 M CH, rock 
Key: W - weak: NI - medium: S = strong: VS = vel)' strong 
N 
": 
N 
"-I 
Due to the organ ic nature of the plateout, SEM- EDX [Tab le 4-3] was inconclusive with 
on ly trace quantities of calcium and chlorine being observed in both the dark and li ght 
samples. Trace amounts of titanium were also detected in the dark fl akes. 
Table 4-3: EDX analysis of POIOI 
ion Elements Intensit Possible source 
Dark Cl W PVC/CaCl, 
Ca W CaC03/CaCI, 
Ti W TiO, pigment 
Light Cl W PVC/CaCl, 
Ca W CaCO,lCaCl, 
Key: 11' = 'weak 
93 
Chapte r 4 Results and Di scussion J: Plateau! Ana lysis 
The better sensitivity of LIMA compared with SEM -EDX provided a better ana lys is of 
the inorganic components [Table 4-4]. Calcium and titanium were present in the dark 
parti c les, as a lso shown by EDX, along w ith lead. The lanthanide meta ls, e.g. lanthanum, 
neodymium and cerium, maybe associated with one of the inorganic components. 
Of the anions, peaks related to sma ll organic mo lecules, chlorine (from the PVC or lead 
chloride) and , P02 and PO} (from lead phosphite) were present. 
Tahie 4-4: LIMA of 1'0101 
Component Cations An ions 
Ca Nd Cz Cl 
CaO Pb C, POz Dark Ce Ti Cs PO, particles 
CeO TiO CB 
La C, 
Ca Cz 
Light Pb CN 
particles Ti Cl 
TiO CNO 
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4.2 POI03 
Quantity: < Ig 
Stabilisation: Lead 
Lu brication: Not disclosed 
Application: Not disclosed 
Extruder: Not di sclosed 
System: Not di sclosed 
Scr ew Type: Not di sclosed 
Location: Not di sclosed 
Time: Not di sclosed Figure 4-8: POI03 
Appearance: Dark grey (like coarse soot) 
No me lting peaks were detected during either the DSC hea ting cyc les [Figure 4-9 and 
Figure 4- 10] ind icating that the plateo ut is predominately non-melting and inorgan ic in 
compositi on. 
Sample: P0103 
SIze" 1.6000 mg 
Comment: Closed pan 
DSC 
File" C;\ta\Data\N\I\ 103i 
Operator: Netl Varshney 
Run Dale: 2S-Nov-03 10:52 
2~-----------------------------------------------------, 
~ 
~ 
• 0 0 
u: 
1i 
• J: 
., 
~+---------~-------'---------'--------~---------1 o 50 100 150 200 250 
"" Up Temperature ("C) 
Figure 4-9: First healing lIIul cooling cycle ofP0103 
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Sample: P0103 
SIze' 1.6000 mg 
Comment: Closed pan 
DSC 
Results and Discu:-is ion 1: Plalcolll Anal ys is 
File: C:lta\Oata\NV\pol03.001 
Operator Nell Varshney 
Run Date: 25-Nov-oJ 10'52 
0.0,--,------------------------------, 
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• -1.5 I 
-
-2.0 
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E~o Up Temperature (QC) 
Figure 4-1 0: Sectm d healing cycle of POIOJ 
Figure 4-11 : SEM of POI OJ 
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Table 4-5: EDX analysis 0/ POlO3 
Image region Elements Intensity Possible source 
Light P M DBLP 
Pb VS DBLP/PbCI2 
Cl M PVC/PbCI2 
Dark P M DBLP 
Pb VS DBLP 
Cl S PVC/PbCI2 
Ti S Ti02 
Key: W - weak; M ~ medIUm; S ~ strong; VS - very strong 
The backscattered SEM image [Figure 4-11] revealed light flake particles on a dark 
substrate. The flakes were rich in lead, sulphur, phosphorus and chlorine, consistent with 
a lead stabilised formulation. The darker areas were rich in titanium, lead and 
phosphorus. No calcium was detected [Table 4-5]. 
Table 4-6' LIMA a/POl03 
Cations Anions 
Ca Fe CN 
CaCI Pb Cl 
Ca20 Ti CNO 
Ca OH TiCI P02 
Cr TiO P03 
As with the above, analysis of the sample by LIMA [Table 4-6] produced strong signals 
for lead and titanium, suggesting an abundance of stabiliser and pigment. However, 
unlike EDX, weak signals for calcium were detected in the form of those species present 
in calcium stearate (4.1-2), produced upon the dissociation of CaC03 (4.3), or at high 
temperature by LIMA (4.4). 
Calcium stearate is produced commercially by reacting palm-derived stearic acid with 
calcium oxide in a dry-fusion process146,147*. The resulting compound is a mixture of 
calcium stearate, calcium palmitate and approximately 9 to 10.5% calcium oxide146,148. 
The residual calcium oxide can react with moisture to form calcium hydroxide: 
CaO (s) + H20 (I) -> Ca(OH)2 (s) (4.1) 
The metal cations react with chlorine anions for the stabilisation of PVC (4.2): 
Ca2+ + 2Cr -> CaCh (4.2) 
• Dry-fusion process''': 2CJ7H35COOH + CaO -+ Ca'" (CJ7H3SCOO,), + H20 
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Aqueous HCl is due to degradation of the PVC structure in the presence of residual 
moisture. The resulting CaCh can precipitate (e.g. as plateout) from solution whilst CO2 
and steam contribute to calibration plateout by acting as carriers for volatiles and solids. 
Moisture further promotes (4.3) and, so, die plateout. 
CaC03 (s) + 2HCl (aq) <-> CaCh (aq) + H20 (I) + CO2 (g) (4.3) 
The thermal breakdown of CaC03 (4.4) occurs around 700°C 149 and is therefore highly 
unlikely in a PVC extruder. Its presence in a LIMA spectrum can be attributed to the 
decomposition of the filler by the apparatus' ionising laser. 
CaC03 (s) -> CaO (s) + C02 (g) 
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Figure 4-12: Infra-red absorbance spectrum of POI03 
(4.4) 
1000 
The presence of iron and chromium in the plateout indicates corrosion of the processing 
equipment. Infra-red analysis showed absorbance associated with polar lubricants, DBLP 
and Ti02 [Figure 4-12 and Table 4-7]. 
Table 4-7' Infra-red absorbance identification for POI03 
cm""" Intensity Assignment cm . Intensity Assignment 
1709.04 M C=O 1030.05 VS P related 
1583.66 W P-related 981.83 VS " 
1427.41 W " 927.82 M " 
1359.90 W " 700.20 S Ti02 
Key: W = weak; M = medIUm; S - strong; V= very strong S 
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4.3 POI04 
Quantity: 2g 
Stabilisation: Lead 
Lubrication: Not disclosed 
Application: Pipe 
Extruder: Cincinnati CM65 SC 
System: Twin screw 
Screw Type: Conical 
Location: Chrome mandrel (deep) 
Time: 24 hours Fig"'" 4-13: POI04 
Appearance: Sand-like 
Themlal analysis showed a broad me lting peak with a max Imum at 139.6°C [Figure 
4- 14) , typica l behaviour of ca lcium stearate [Figure 10-2). When coo led , there was no 
apparent recrysta lli sation, which was confirmed during the second heat cycle when no 
me lting peaks were detected [Figure 4- 15). 
Sample: P0 104 
Size: 5.4000 mg DSC 
File; C:\la\Dala\NV\104.Q1 0 
Operator: NV 
Run Dale: 12·0ec-03 12:56 
,.01------~:;:::=::::::=====------1 
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Figure 4-14: First healing ami cooling cycle 0/1'0104 
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Sample: P0104 
Size: 5.4000 mg DSC 
File: C:\ta\Oata\NV\104.010 
Operator: NV 
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Figure 4-15: Se(.'(Jlu/ h eating cycle of PO 104 
Figure 4-/6: SEM of P0104 
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Viewed by SEM [Figure 4-16], the particles were flaky in appearance - the backscattered 
electron image revealed stripes due to preferential deposition of additi ves at striations 
along the die flow channel 1 15: the light areas were lead related whi lst the darker regions 
were composed of both CaCO) and Ti02 [Table 4-8] . LIMA al so showed that the sample 
was rich in lead, calcium and titanium based spec ies [Table 4-9] . As with PO I 03, the 
degradation products of CaCO) were detected . 
Table 4-8: £DX (/l llI lv';s (I 1'0104 
Image region Elements Intensity Possible source 
Dark Pb M Lead stabiliser 
Cl M PbCl,/CaCl, 
Ca VS CaCO,tCaCI, 
Ti M TiO, 
Light Pb VS Lead stabiliser 
Cl M PbCl,/CaCl, 
Ca W CaC03/CaCI, 
Ti W TiO, 
Key: W = weak; M = medIUm; VS = very strong 
- P0104 
-Calcium carbonate 
- Titanium dioxide 
~ 
3800 3400 3000 2600 2200 
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Table 4-9' LIMA 0/1'0104 
Cations 
Ca Ti 
Ca, O TiCI 
Ca Cl TiO 
CaOH 
Pb 
~ 
jJ ~j3;( .}, 
1400 1000 
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Figure 4-1 7: POI04 comparei/ wiflt in/ra-rei/absorbance spectra o/CaCO) lIIU/ Ti01 
The presence of CaCO) and Ti02 were, aga in , confirmed by DRIFT, which can be 
demonstrated by matching reference spectra with that of the sample [Figure 4-17]. 
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4.4 POIOS 
Quantity: Ig 
Stabilisation: Lead 
Lubrication: ot di sclosed 
Application: Pipe 
Extruder: Cincinnati CM65 SC 
System: Twin screw 
Screw Type: Coni ca l 
Location: Chrome mandrel 
Time: 24 hours Figllre 4-18: POI05 
Appearance: White-green flakes 
Despite a ll egedl y originating from the same extrusion run , PO I 05 differed visuall y to 
PO I 04 [Figure 4- 18]. Viewed by SEM [Figure 4- 19], the nature of PO 1 05 was a lso 
different from PO I 04 - the particles were fin er and the backscattered image did not 
revea l any evidence of striations along di e flow channe l. 
Figllre 4-19: SEM o/POI05 
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Ana lys is by EDX [Table 4- 10] and LIMA [Tab le 4-1 I] did, however, show that both 
PO I 04 and PO I 05 were composed of the same inorganic components but therma l 
anal ysis [Figure 4-20 and Figure 4-2 1] did not provide any evidence of calcium stea rate. 
Table 4-10' EDX ullal),s;, "IPOI05 Table 4- 11' LIMA ,,[POI05 
Image region Elements Intensity Possible source Cations Anions 
Dark Cl VW PVC/PbCl,/CaCl, Ca Ti Cl 
Ca VS CaCO,tCaCI, CaCI TiO CaCI3 
Ti W TiO, pigment Pb 
Light P W DB LP 
Pb VS DBLP 
Cl W PVC/PbCl, 
Ti W TiO, 
Key: VW = vel )' weak: HI = H'eak; VS = vel)' strong 
Sample: POl 05 
Size: 4.5000 mg DSC 
File: C:\ta\DalaINV\ 105i 
Operator: NV 
Run Dale: 12-Dec-03 09:35 
1.5,------- ----------------------, 
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Figure 4-20: First hell/iJlg (lIld cooling cycle of POIOS 
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Sample: P010S 
Size: 4.5000 mg DSC File: C:\ta\Oata\NV\10S.002 Operator: NV 
Run Date: 12-Dec-OJ 09:35 
-0 .5~-----------------------------, 
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o 50 100 '50 200 250 
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Figure 4-2 1: Second heating cycle of POIOS 
ORI FT [F igure 4-22] detected mostl y CaCO) with additional absorbance at 2920, 285 1 
(both CH2), 1732 (C=O, major peak for stearic ac id) and 1022 (phosphorus related, 
strong peak for OBLP). 
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Figure 4-22: PO/OS compllfed witll illfra-red absorballce ,\peClrll o/CaCOJ lIlId riD] 
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4.5 POJ06 
Quantity: I g 
Stabilisation: Lead 
Lubrication: Not disclosed 
Application: Foam 
Extruder: Battenfeld 107 
System: Twin sc rew 
Screw Type: Parallel 
Location: Mandre l 
Time: Not di sc losed 
Appearance: Flakes. One side dark , the o ther light 
Results and Discussion I: Plateou! Analysis 
Figllre 4-23: 1'0106 
The thermal pro fil e for both the first [Fi gure 4-24) and second [Figure 4-25) heat cycles 
showed that the melting component was calcium stearate. 
Sample: P0106 
Size: 4.3000 mg DSC File: C:\taIDataINV\ 106.002 Operator: NV 
Run Date: 12-Dec-03 10:45 
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150 
Figure 4-24: First healillg alltl cooling cycle of POI06 
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Sample: P01 06 
Size: 4.3000 mg DSC 
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File: C:\ta\Data\NV\106.002 
Operator: NV 
Run Date: 12-Oec-03 10:45 
-0.6,------------------------------, 
-0.8 
0; 
~ 
~ 
0 
u: 
m 
~ 
1: 
-1.0 
·1.2+------....,..-----~~-----~-----....,..-----___j 
o 50 100 150 200 250 
E~o Up Temperature (OC) 
Figllre 4-25: Secolld itel/lillg cycle of PO 106 
Figllre 4-26: S£M ofPOJ06 
Backscattered SEM-EDX revealed large particles of CaC03 covered with smaller 
particles of lead stabiliser [F igure 4-26 and Table 4- 12]. 
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Table 4-12: EDX al/alvs;s of pal 06 
Image region Elements Intensity Possible source 
Dark Ca VS CaCO, 
Light Pb VS Lead stabiliser 
Key: VS = ve,y strong 
LIMA was perfonned 011 both the light and dark flakes [Table 4-1 3]: the light flakes 
were rich in sodium (foaming agent) , calcium (fi ller) and titanium (pigment) ; the darker 
material contained species common to the stabili ser, e.g. lead and phosphorous. 
Table 4-13: LIMA ofPOI06 
Sample Cations Anions 
Dark Ca C, 0 
Na C, PO, 
Na,CI Cs PO, 
Na,O CaCl, S 
Pb Cl S02 
Light Ca Pb C, Cl 
Na Ti Cs NaCl, 
Na,CI TiO C6 
Na20 CaCl, 
Infra-red ana lys is detected mostly CaC03 with add itional absorbance at 29 18,2849 (both 
CH2) , 1736 (C~O, major peak for stearic acid) and I 566cn,-t (phosphorus related, strong 
peak for DBLP) [Figure 4-27]. The lack of absorbance in the range I 037-1167cm-t was 
consistent with pure CaC03t50 suggesting an absence of surface-acti ve agent. 
- P0106 
- Calcium carbonate 1037-1167 
1566 
2918 2849 
\ / '\ 
3800 3400 3000 2600 2200 1800 1400 1000 
Wavenumber (cm-1) 
Figure 4-2 7: PO I06 compared with 'he illfra-red absorbance spcl:lr ullt o/CaCOj 
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4.6 POI07 
Quantity: 
Stabilisation: 
Lubrication: 
Application: 
Extruder: 
System: 
Screw Type: 
Location: 
Time: 
Appearance: 
I g 
Lead 
Not di sclosed 
Foam 
Battenfeld 107 
Twin screw 
Parallel 
Mandrel 
Not disc losed 
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Figure 4-18: POI07 
Large flak es consisting of white, brown and black layers. Appears to 
have been obtained during a purge cycle (small quantities of purge 
material present) 
Therma l analysis revealed two melt peaks at 104°C and 143°C during the first heat cycle 
[Figure 4-29] that disappeared during the subseq uent hea t treatment [Figure 4-30]. As 
with previous plateout samples, the 143°C peak correlates with calcium stearate. The 
peak at 104°C is likely to be a wax lubricant. 
Sample: P01 0 7 
Size: 4.5000 rng DSC 
File: C:\la\Oata\NV\107.001 
Operator: NV 
Run Dale: 12-Dec-03 11 :51 
2,------------------------------------------------------, 
c; 
~ 
~ 0 
IT: 
ro 
~ 
1: 
- 1 
103.se .. c 
143.19"C 
-2t-------,-------,,------~------~~----~~----~ 
-SO 0 50 100 150 200 250 
Temperature (GC) 
Figure 4-29: First healing alld cooling cycle o/POIO? 
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Sample: P0 107 
Size: 4.5000 mg DSC 
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File: C:\la\Oata\NV\107.001 
Operator: NV 
Run Date: 12-0ec-03 11 :51 
~.6 ~------------------------------------------------------, 
~.7 
~ -O.S 
~ 
.2 
u. 
;; 
~ 
-0.9 J: 
-1.0 
-1.1 +------~-----~r------_,------~------_I 
o 50 100 150 200 250 
Exo Up Tempera ture (DC) 
Figure 4-30: Second healing cycle of POI07 
Figure 4-31: S EM o/POI0 7 
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No distinguishing features could be identified on the backscattered SEM [Fi gure 4-31]. 
EDX of the general area revealed an abundance of chlorine with quantities of ca lcium 
and sodium, suggesting that the materia l was predominantly foamed PVC and CaC0 3 
fill er, with traces of the foaming agent [Table 4-14]. The infra-red spectrum [Fi gure 
4-32) was predominantly CaC0 3 with minor absorbance associated with stearic acid and 
DBLP. 
Table 4-14: £DX allil(Vs;S ojPOI 07 
Image region Elements Intensity Possible source 
General Cl S PVC/Ca Cl, 
Ca M CaCO,lCaCl, 
Na M Blowing agent 
Key. M - medlUlJI. S - strong 
- P0107 I 
I - Calcium carbona~ 
3800 3400 
2916 2849 
\ / 
3000 2600 2200 1800 1400 
Wavenurmer (cm-1) 
1000 
Figure 4-32: PO 107 compared wilh fh e ill/ra-red absorbance !)l'e('lrlllll ofCaCOJ 
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LIMA was performed on the three coloured components [Table 4-1 5]. The white material 
consisted of chlorine and short chain hydrocarbon molecules, suggesting that it was 
predominate ly PVC. Calcium and titanium were also present. 
The dark and brown layers were also rich in sodium, chlorine and short chain organi c 
molecules, suggesting these segments were degraded PVC. Aga in , calcium and ti tanium 
were al so present in relati vely low quantities. As with PO 101 , lanthanide series elements 
(cerium, lanthanum and neodymium), accompanied lead. 
11 0 
Chapler 4 
4.7 POIOS 
Quantity: 
Sta bilisation: 
Lubrication: 
Application: 
Extruder: 
System: 
Screw Type: 
Location: 
Time: 
Appearance: 
Sample 
White 
Dark 
Brown 
2g 
Ca lcium/zinc 
PE + others 
Not di sclosed 
Not disc losed 
ot di sclosed 
Parall el 
Die 
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Table 4-15: LIMA of POI07 
Cations Anions 
Na C2 CB 
Na,CI C3 CaCI3 
Ca C, Cl 
Ti Cs NaCI2 
Ca NaKCN C, CN 
Na Ti Cs CNO 
Na2CN TiO CB 
Na,O Cl 
Ca Na CN 
CaCI Na2CI Cl 
CaOH Nd NaCI2 
Ce Pb 
CeO PbO 
La Ti 
LaO TiO 
5 days Figure 4-33: POIOS 
Light fl akes with a small quantity of orange colouration 
One peak is apparent at 125°C for both the two hea ting cyc les [Figure 4-34 and Figure 
4-35] wh ich would relate to a lubricant, poss ibly zinc stearate [Figure 10-3-20]. Infra-red 
ana lysis [Figure 4-37] of the sample a lso revea led stronger absorbance at 2920, 2851 (-
CH1- ) and 993cn,-1 (O-C) wh ich correspond to groups in stea rate-type molecules. 
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Sample: P010B 
Size: 5.0000 mg 
Comment: Closed pan 
DSC 
Results and DisclIss ion I : Pla teoul Analysis 
FIle: C:ltaIOata\NV\pol08.001 
Operator" Neil Varshney 
Run Date: 25-Nov.()3 14 '21 
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:g; 0.0 
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Sample: POIOS 
Size: 5.0000 mg 
Comment' Closed pan 
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Temperature re) 
Pigure 4-34: First healing all(l cooling cycle v/PO/OS 
DSC File: C:\taIDataINV\pol08.001 Operator: Neil Varshney 
Run Dale: 2S-Nov-0314:21 
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Figure 4-35: Second healing '-:l'cle o[ PO J08 
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Figure 4-36: SEM of pO /oS 
Backscattered SEM shows a smeared but otherwise featureless sample [Figure 4-36]. 
EDX of the general area [Table 4-16] showed strong calcium (from both the fi ll er and 
stabilisation) and titan ium peaks. The zinc component of the stab ilisat ion package is only 
seen as a trace amount. The light parti cles were calcium, titan ium or antimony. 
Tuble 4-16: E DX UII ,,(ysis of PO I 08 
Image region Elements Intensity Possible source 
Light Sb M Antimony trioxide 
Ca S Fillerl stabiliser 
Ti M Ti0 2 
Zn VW Stabiliser 
General Cl W PVCICaCI2 
Ca S Fillerl stabiliser 
Ti M Ti02 
Zn VW Stabiliser 
, Key: VW - Vel )1 weak: W - weak: M - medullu : S - strong 
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-POW8 
- Calcium carbonate 
- Titanium dioxide 
1560"" 
2920 
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Figure 4-3 7: PO /OS cOmparel/ wilh illfra-red llhsorbollce spectra O/ClICOJ ami Ti01 
LIMA [Table 4-17] of the w hite co loured materi a l was mostly titanium with traces of 
lead . Iron and mol ybdenum, presumabl y from th e extruder, were a lso visib le. 
The orange sta ined material was found to be ri ch in lead, c.f. the 1560cm-1 peak in 
Fig ure 4-3 7. Its colouration can be attr ibuted to chrome ox ide that wou ld have orig inated 
from the ex trusion eq uipment. 
Table 4- 17: LIMA 1IIIa/y,is o/PO / OB 
Sample Catio ns Anions 
r:~ N~.r:1 (:. P(), 
White Mo Pb Cl S 
component Na Ti CN SO, 
Fe TiO PO, S03 
Ca Na, P03 C, CrO, 
Cr Pb C3 Cr03 
Orange Na TiO C, Mo03 
component Na, PO, Cs PO, 
Cl P03 
CN S 
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4.8 Conclusions 
Table 4- 18 summari ses the components that were readil y identifi ed by the analyti ca l 
techniques considered. The abundance of ca lcium carbonate, titanium dioxide, and 
dibasic lead phosphite in the die plateou t is in agreement with the Iiterature39. I09.1 I 1.1 15 
Table 4- 18: Summary o/rhe idemijieil "Imeow ('ompOllellfs, by technique 
Compound DSC DRIFT LIMA SEM-EDX GC/MS 
Antimony .; 
Calcium carbonate .; .; .; 
Calcium chloride .; 
Calcium hydroxide .; 
Ca lcium oxide .; 
Cerium oxide .; 
Chrome oxide .; 
Chromium .; 
Dibasic lead phosphite .; .; .; 
Dioctyl phthalate .; .; 
Iron .; 
Lanthanum .; 
Lead chloride .; 
Neodymium .; 
Palmitic acid .; .; 
Polyvinyl chloride .; .; 
Stearic acid .; .; .; 
Stearyl stearate .; .; 
Sulphur .; 
Titanium dioxide .; .; .; 
Zinc .; 
Thermal analysi s revea led that the melting components of ca librator plateout were 
usually low me lting. Waxes and stearates were also detected in the die plateout, but 
identifica tion of the exact lubricant was imposs ible due to the vast range of products 
ava ilab le and the formulation information was restricted. 
Inspection at high magnification by SEM can determine whether the sample is indeed 
plateout or s imply adhered PVC thal has undergone degradation , c.f. PO I07. In the latter 
case, the issue may not be related to the formulation but the condition of the di e, e.g. was 
the die cleaned properly? Are there imperfections on the die surface, such as deep 
scratches? 
The use of a backscattered e lectron detector, in conjunction with EDX, is an effecti ve 
means of identifying the various plateout constituents but is limited by the sens iti vity of 
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the x-ray ana lyser. LIMA a lso proved to be a very powerfu l technique for identify ing 
indi vidual and molecular components, cations in parti cul ar, of plateout due to its high 
sens iti vity. 
The presence of calcium compounds related to the di ssociation of ca lcium carbonate 
show that additional side reactions occur in the polymer melt which may promote 
plateout, e.g. the production of excess moisture in (4. 1). The presence of calc ium ox ide 
may a lso suggest that res idua l feedstock for the production of ca lcium stearate 
contributes to plateou!. 
Infra-red spectroscopy usmg the ORI FT method was highl y sens iti ve to ca lcium 
carbonate fill er and titanium dioxide pigment, but major absorbance assoc iated with 
dibasic lead phosphite and fatty acids were also identifiable. 
GC/MS anal ys is of the predominantly organic PO I 0 I and PO 102 (ca li bration plateout) 
identified palmitic acid (hexadecanoic acid) and stearic acid (octadecanoic acid), major 
components o f ca lcium stearate and technica l stea ri c acid. 
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Chapter 5 Resu lts und Discussion 11 : Interaction Study 
5 R ESU LTS AND DISCUSSION JI: A DDITI VE I NTERACTION 
STUDY 
Mixnll-es containing common lead-based rigid PVC addi tives were analysed by 
differentia l scanni ng calorimetry (DSC) in order to determine any chemical reaction 
and/or melting/recrys talli sation interact ion that may contribute to the plateout process_ 
Hot-stage microscopy was used to investi gate the polymorphic transitions of the meta l 
steat-a tes 
5. 1 Characterisation of Raw Materia ls 
The add itives were characterised individua ll y for reference (Table 5- 1 J_ 
Table 5- 1: Characterisation ()f the ill/erlletion S/lU~V materials 
Additive DSC Melting Peaks ("C) Birefringence Optica l MP 
1" heat 2"d heat ("C) 
DBLP - - No N/A 
73 62 DBLS 95 Yes Not seen 
178 107 
NLS 96 91 Yes 109 108 107 
11 8 160 CaSt, 127 190 Yes (incomplete) 190 
OxPE 104 102 Yes 105 
PE 109 105 Yes 109 (AC8A) 109 
PW 63 62 No N/A 
MW 81 76 Yes 87 
58 
FTW 83 81 No N/A 100 105 
108 
5.1. 1 Metal Stearates 
Meta l stearates are important additives in PVC processing due to their lubricating and 
stabi li sing capabi liti es_ As wi th all lubricants, their functi on is determined by structure l51 
but the oCCUtTence of reversible rate-dependent polymorphic crystalline states during 
hea tingl 52o l56, common to all hydrous and anhydrous meta l sa lts of fatty acids , could 
potentia ll y influence their lubricating funct iona li ty_ 
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Calcium Stearate 
Void el al. 152. 155 performed thermal analysis on laboratory prepared monohydrate and 
anhydrous calcium stearate , and observed transitions at 65, 86, I 10, 123, 150 and 195°C 
[Figure 5- 1] of which onl y the 123°C peak could be confirmed as a primary "melting" 
transition, due to poor instrument sensitivity. Spier15J. 157 later confirmed the remaining 
peaks as primary transitions after ana lys ing pure sod ium palmitate. 
o ~ quenching 
,... ~ heat evolved 
01 110' C. 
CRYSTALLINE PSEUDO-GWA55 CRYSTALLINE 
Anhydrous CoStr2 
Figure 5· j : Tram.jl1rmafioll scheme aIe(l/dum stearate 
Thermal analysis of the technical ca lcium stearate used in thi s project (Listab Ca, ex. 
Chemson) in monohydrate (as-supplied) and anhydroLls' correlated with Void et a1. 1S5 ; 
• monohydrate [Figure 5-2] - produced three detectable endotherms at 11 3°C 
(Vlw-->VH and Vw->lV, dehydration), 128°C (lV--;1I1 tra nsition) and 19 1°C (1 1--;1 
trans ition) and a broad shallow endotherm in the range - 155 to 170°C (lTl --; 11 
transition)1 53 Cooling of the materia l close to ambient temperature [Figure 5-3] 
. Dried inside the DSC furnace at llOtlC ror 25 minutes. Thermo gravimelric analysis [Appendix 11 : Figure 
I I- I) showed water loss to be 2.96%, close to the stoichiometric 2.88% va lue for the monohydrate form 
Ca(C 17H,;COO H),.H,O ( 181626)* I 00 = 2.88% 
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resulted in the metastable an hydro us V" pseudo-glass fonn that transformed to the 
stable I11 f0n11 at 11 5°C. The 11I-> 1I and 11 -> I transitions were reversible. 
Sample: U st8b Ca 
51 ze; j . BOOO mg 
Metnod: 10 C/ml n 
Commen t : !st nea t e ye j e 
C.~-
-c .:l-
DSC 
187 .4 Jig 
file : c: N£IL. 007 
Operator: NV 
~un Dele: 1 ~ - Apr -02 14:.:.5 
186 . 61"C 
r / 50~ 11 to I 
VIH to VH III to 11 19 1 . : IJ·C ~ .C-
-:' .!l -t 
20 
r 
<a 
~ 
60 
VH to VI 
(dehydration) 
(\ 
---- IV to III 
!2B.35"C 
,... 
80 
~~r-----r-----Y------r--"-----r 
100 i20 !40 160 l ea 
, 
200 
ftllllperaturc C·C) General V4 . 0D DuPont 2000 
Figure 5-2: DSC thermogram of calcium stellrate I1U}IlohYl/rate (as slIpplieli) 
Sa~pl e: ~ staD Cl! 
S i:.e: . BOOO 11':9 
He tnod: 0 C, mif'l 
CO&me n ~ : 2nd neat cyc l e 
-C .--
-c -
103 . 62 - C 
~~/. /' ~"tolll~ 
40 
r 
60 
r- ,--"""'r 
BD 100 :20 
Tte.ptratul"e ( '"C) 
f! :e: c: t.E : ..... QOB 
Operator: N',' 
Ruf'l J a te: ! : - Aor - 02 !5: OB 
III to 11 
~ 
r - r -- ,- - ..... , 
11 to I 
! 40 160 180 200 
Gene:"., l V': . OD OUPont 2000 
Figure 5-3: DSC thermogram oj'rehcated calcium ~t'/Cllrllte 
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DSC File: NV. 039 Operator: N VARSHNEY 
Run Date: 5- Hay - Ol 00: 16 
0 .0,.- ·--·· .• ...• .. - _ ._ ...... _ . • - ... -,.~ -• . -.. - -.--. . -- ... -. . .. . ---.-.-- --.-- .---~-.-.- , .. -
, 
i 
i , 
-0.5 ~ 
! 
1 
I 
-LO~ j 
~ -1 5J 
. I M 
.. 
j 
, 
i 
-2.5~ 
, 
, , 
i 
- 3 O~ 
20 
Vto IV 
, , 
50 ao 
r 
100 
, 
120 
11 to I 
r--~-------..,\ 
III to 11 
122 .04°C 
. ~ ... - T 
: 40 
18B . 63°C 
i 
I , 
I 
i 
- r · · ' T ' ' r ' " .j 
1BO 200 
Genera l V4.0D DuPont 2000 
Fig ure 5-4: DSC thermogram of calcium stearate (after drying) 
S~ mple: CALCI UM STEARATE 
Si z.e: 3.0000 mg 
I-Ietnod: 10'"'/ to{IN 
Comment: PO'IiOER - 2ND HEA l 
-0,2-y---·· 
-0. 4 ~ 
-0.61 
I 
1 
I 
-o.a~ 
; 
, 
i 
DSC File : NV,040 Opere tor; N VARSHNEY 
Run Date: 6-Mey- Ol 00: 41 
.-.------.--.-------... ·-1 
i , 
i 
I 
I 
III to 11 
\ 
IV to III 
11 to I 
1S8 . 17°G 
-1. 02t; .... ~ '~40~- · ... -· SO- -~---.----1~....--iro·--l'~ro---16o-.-1aO ·-...... - 2cio 
Tempere ture (OC) General V4.0D DuPont 2000 
Figure 5-5: DSC thermogram o/reheated cll /cium stearate (after drying) 
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• anhydrous [Figure 5-4] - two major endotherms at 122°C (I V---> II I transition) and 
189°C (11 ---> I transition) and a broad shallow endotherm in the range - 150 to 170°C 
(111 -> 11 transition) 153 Reheating produced the same transitions as those originating 
from the metastable V" form, as observed before [Figure 5-5]. 
The optical melting behaviour of ca lcium stearate monohydrate in silicone oil 
(dimethylpolys iloxane hydro lyzate) [Figure 5-6] corre lated with the thermal analys is. 
Figure 5-6: Ho/-stage microscopy olca/cium stearate (ill silicone oil) 
(top leji) 75"C; (top right) II T'C; (bottolllleft) 131!'C; (bottOlllright) 161!'C 
A small portion of the initial birefringence disappeared just below 117°C, which 
co incided with the dehydration process seen by DSC. A more significant portion of the 
crysta lline structure di sappeared just below 130°C (lV---> lll transition). 
The final change occurred just before 160°C where most of the crystallites lost their 
anisotropy (111 ---> 11 transition) - note that the stearate molecules in the resulting III phase 
still possessed a degree of short-range order, as shown by XRDI 47. 152. 158, and therefore 
considered glass- like. The remall1l1lg crystallites did Llot undergo any further 
transformation - 195°C (11---> 1 transition), but thi s may have been limited by the 200°C 
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maximum operating temperature of the equipment, given that optical transition points are 
often a few degrees greater than the value provided by thermal analysis. 
Cooling of the material did not produce any visible signs of recrystallisation, showing 
that the material assumed the amorphous V" pseudo-glass state 155. 
Lead Stearates 
Thermal analysis of normal lead stearate (Listab 28, ex. Chemson) produced two sharp 
reversible transition/melting peaks at 95°C and 109°C, [Figure 5-7 and Figure 5-8]. Hot-
stage microscopy showed that these crystallites lost their anisotropy at 109°C without any 
residual crystallinity, as observed for calcium stearate. 
The transition peaks of dibasic lead stearate (Listab 51, ex. Chemson) were considerably 
different to the normallbasic form, as a sharp transition at 93°C was followed by a 
broader peak at 163°C. Hot-stage microscopy did not show any change in the crystallites 
up to 200°C, suggesting that the mobility of these stearate molecules during processing 
maybe limited. 
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Figure 5-7: Differential scanning calorimetry of normal lead stearate (first heat) 
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Figure 5-8: Differential scanning calorimetry of normal lead stearate (second heat) 
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5.2 Results 
5.2.1 Two-compouent Mixes 
Table 5·2: DSC of the individual stabiliser components with external lubricant 
1" Heat Cycle (OC) 2'" Heat Cycle (OC) 
Endotherms Exotherms Endotherms Exotherms 
2.1 109 - PE 106 - PE - 109 - PE -
2.2 109 - PE 104 - PE 175 - DBLS - 108 - PE & DBLS -
95 - NLS 91 -NLS 2.3 109- PE & NLS - 104 - PE -108 (sh) - NLS 
2.4 100 - OxPE 100 - OxPE 121 - CaSt2 - 120 - CaSt2 -
109- PE 106 - PE 
2.5 126 - CaSt2 - 110 - PE -
188 - CaSt2 190 - CaSt2 
2.6 65-PW 65-PW 122 - CaSt2 - 122 - CaSt2 -
2.7 83-MW 79-MW 125 - CaSt2 - 122 - CaSt2 -
109-FTW 82-FTW 108-FTW 2.8 123 - CaSt2 - 122 - CaSt2 -190 - CaSt2 183 - CaSt2 
99- NLS 
110 - NLS 89 (small) - NLS 2.9 129 - CaSt2 -
150 - CaSt2 112 - NLS 
190 - CaSt2 
Note: (sh) = shoulder 
The first heat cycle produced the signature melting peaks of the individual waxes. CaSt2, 
on the other hand, did not exhibit the dehydration peak at 113°C; the absence of the other 
endothennic peak at 190°C in a couple of the mixtures can be attributed to its low 
enthalpy and is therefore not thought to be an important observation. 
The second heat cycle of Mixes 2-1.8 produced the signature melting peaks of the wax 
and CaSt2 showing that no interaction occurred during the first heat cycle. Reheating Mix 
2.9 showed that complete elimination of the CaSh related peaks and substantial reduction 
in enthalpy of the lower transition peak ofNLS had occurred. 
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5.2.2 Three-component Mixes 
Table 5-3: DSC of two components of the stabiliser system with external lubricant 
1 s. Heat C}<cle °Ct 2na Heat Cycle (°et 
Endotherms Exotherms Endotherms Exotherms 
3.1 109 - PE 109- PE & DBLS 175-200 (noise) - DBLS - -
95- NLS 98-NLS 3.2 109-PE&NLS - 105 -PE & NLS -109 - PE 
105 - OxPE 
3.3 127 - CaSt, - 102 - OxPE -
190 - CaSt, 
105 - OxPE 
3.4 121 - CaSt, 100- OxPE 168 - DBLS - 118 - CaSt, -
189- CaSt, 
95- NLS 105-0xPE 3.5 107 - NLS & OxPE - 108-NLS -124- CaSt, 
The first heating runs produced the individual melting peaks, as before. 
No interactions occurred in MIXes 3.1 and 3.2 as the melting peaks during the second 
heat were of the individual additives. CaSt2 did not recrystallise during cooling in Mixes 
3.3 and 3.5, which resulted in no melting peak being observed during the second heating 
run; Mix 3.4 reproduced the CaSt2 peaks. 
5.2.3 Four-component Mixes 
Table 5-4: DSC of stabiliser system with external lubricant 
1"' Heat Cycle ("C) 2na Heat Cycle (OC) 
Endotherms Exotherms Endotherms Exotherms 
94-NLS 78-DBLS 92-NLS 4.1 107- NLS & PE 
- 103 (sh) - PE -170- DBLS 108- NLS & PE 
4.2 106 - OxPE 102 - OxPE 126 - CaSt, - -
95 - NLS 
4.3 106 -NLS & OxPE 102 - OxPE 125 - CaSt, - -
190 - CaSt, 
Note: (sh) = shoulder 
The weak DBLS peak at 75°C was not seen in Mix 4.1 despite the presence of the 170°C 
peak during the first heat; a transition peak at 78°C was seen during the second heat. 
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DBLS related peaks were also absent from the both heat cycles of Mix 4.2; CaStz did not 
recrystallise during cooling. 
All peaks related to the individual additives in Mix 4.3 were present during the first heat 
cycle but again, none of the stearate additives recrystallised when cooled. 
5.2.4 Five-component Mix 
5.1 
Table 5-5: DSC of stabiliser system with internal lubricants 
1 S Heat C cle 2" Heat C 
Endotherms 
67-DBLS 
97-NLS 
107 - OxPE & NLS 
126 - CaSt2 
Endotherrns 
95-NLS 
104 - OxPE & NLS 
All peaks related to the individual additives in Mix 5.1 were present during the first heat 
cycle. CaStz did not recrystallise and was absent in the second heat cycle. 
5.2.5 Six-component Mixes 
Table 5-6: DSC of stabiliser system with internal & external lubricants 
1st Heat Cvcle (·Cl 2no Heat Cvcle ·Cl 
Endotherms Exotherms Endotherms Exotherms 
6.1 110 - PE 107 (broad) 124 - CaSt2 - -
70-PW 
104 (sh) - OxPE 68-PW 6.2 108 - NLS - 101 - OxPE -125 (sh) - CaSt2 
1707- DBLS 
86-MW 
104 (sh) - OxPE 81-MW 6.3 110 - NLS - 100 - OxPE -124 - CaSt2 
170 - DBLS 
83- FTW 
6.4 96- NLS 80-110 (broad) - FTW 108 - NLS - -
122 (sh) - CaSt2 
Note: (sh) = shoulder 
Mixes 6.1-4 contained all the additives in the stabiliser and lubricant system. Mix 6.1 
predominantly showed melting of the PE wax with a small CaStz peak during the first 
heat. The second heat cycle produced a broad melting peak; CaStz did not recrystallise 
when cooled. 
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The initial melting profiles of Mixes 6.2-4 were more consistent with previous results as 
all the components were seen. Calcium stearate and normal lead stearate additives did not 
recrystallise during the cooling phase in either mixes as the thermographs of the second 
heat cycle only showed the waxes - the second heating cycle for Mix 6.4 produced a very 
broad and flat-bottomed peak from 80 to 11 O°C which is the product of the FTW and 
OxPE peaks overlapping. 
5.3 Discussion 
The signature melting/transition peaks of the individual additives were observed in the 
two-component (Mixes 2.1-8) and the three-component mixes using the polyethylene 
wax (Mixes 3.1 and 3.2), which showed that polyethylene wax and dibasic lead 
phosphite do not interfere with the recrystallisation process in mixtures with few 
components. Reheating a two-component mix of calcium stearate and normal lead 
stearate (Mix 2.9), showed complete elimination of the calcium stearate related peaks and 
substantial reduction in the lower transition peak of normal lead stearate, which indicates 
interaction between stearate molecules during the first heat - their reluctance to 
recrystallise could be due to their differing crystal lattice (d) spacing, as shown by x-ray 
diffraction,s8. Dibasic lead phosphite also does not melt, and would therefore not be 
expected to influence the recrystallisation of the stearate molecules. 
The transition peaks of calcium stearate changed during the second heat cycle when 
oxidised polyethylene and calcium stearate were introduced into the three-component 
mixtures; the transition peaks for normal lead stearate were unchanged whilst those of 
dibasic lead stearate were not expected to alter, because its crystallites did not melt within 
the temperature range of the experiment. 
Polyethylene wax did not interfere with the recrystallisation of either the normal and 
dibasic forms of lead stearate in Mix 4.1. The use of calcium stearate caused transitional 
changes in Mixes 4.2, 4.3, 5.1 and 6.1-4, as the peaks relating to normal lead stearate 
were also absent. 
The influence of the paraffin and polyethylene waxes in this static experiment could be 
considered negligible due to immiscibility of their chains with the molten stearate chains, 
although this may not be the case in a dynamic environment, e.g. an extruder. 
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5.4 Conclusions 
Metal stearates possess numerous transitions within the processing range of PVC. 
The polymorphic transitions of calcium stearatel52.155 were reproduced using the grades 
intended for use in the extrusion plateout trials: the Vw-.IV transition (dehydration of the 
monohydrate) at 113°C may occur in a PVC dryblender set to 120°C. The bulk of 
calcium stearate undergoes a transition from the crystalline III phase to an amorphous 
pseudo-glassy If phase around 150°C, and it is this latter phase that calcium stearate 
assumes during extrusion. Norrnallead stearate loses its anisotropic crystalline structure 
at 109DC. 
Mixing of the fatty acids chains from the stearates of calcium and lead in a DSC pan was 
evident, as some or all of the reversible transition peaks did not appear when reheated. 
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Chapter 6 Results and Discussion IIJ: Influence of PE Properties on Die Plateout 
6 RESULTS AND DISCUSSION Ill: INFLUENCE OF 
POLYETHYLENE HOMOPOLYMER PROPERTIES ON DIE 
PLATEOUT 
PVC compounds containing a variety of polyethylene homopolymers were extruded in a 
laboratory-scale twin-screw extruder, equipped with a plateout sensitive die. Using a 
rating system to quantify the amount of deposition, the plateout behaviour of the 
lubricants was described in relation to their density, melting temperature, viscosity and 
acid number where appropriate. 
Refer to Appendix IV for the characterisation of the polyethylene homopolymers by 
differential scanning calorimetry and gel permeation chromatography, and product data. 
6.1 Extrusion Data 
Processing conditions (zone temperatures and screw speed) were consistent throughout 
all 17 trials, meaning that any variation in extrusion performance can be attributed to the 
lubricating action of the PE homopolymers [Table 6-1]. All the values, except those in 
the Melt Temp and i1Hfcolumns (duplicated thermal analysis of the 70 minute extrudate), 
are the mean of the extruder readings at 20,40 and 70 minutes. 
Table 6-1: Mean extrusion data 
Trial PE Dosage Temperature ee) Speed Torque Output Rating (O·5) MettTemp ~HI Grade (phr) Zone 1 Zone 2 Die Screw (rpm) (%) (kg/hr) Fusion Screw ("C) (Jig) 
1 AC8 0.2 163 180 200 177 20 32 4.0 1.8 3.0 195 3.78 
2 AC8 0.4 167 180 200 177 20 32 4.0 2.0 3.3 195 3.42 
3 AC6 0.2 164 180 200 177 20 35 4.0 2.3 3.5 196 4.54 
4 AC6 0.4 165 180 200 177 20 30 3.9 1.8 2.5 191 2.52 
5 AC617 0.2 163 180 200 177 20 35 4.1 3.2 3.0 191 7.35 
6 AC 617 0.4 167 180 200 177 20 27 3.8 2.2 3.0 190 5.89 
7 AC16 0.2 167 180 200 177 20 36 4.0 2.5 3.2 194 3.52 
8 AC16 0.4 170 180 200 176 20 33 4.1 1.0 2.5 193 4.32 
9 PE 520 0.2 168 180 200 176 20 34 3.9 2.5 2.9 196 7.83 
10 PE 520 0.4 167 180 200 175 20 32 4.0 2.3 2.3 194 6.07 
1 AC680 0.2 163 180 200 177 20 32 4.0 1.8 3.0 195 3.78 
11 AC680 0.4 162 180 200 172 20 36 4.2 3.3 3.2 195 4.10 
12 AC307 0.2 166 180 200 176 20 60 4.1 5.0 1.0 195 2.19 
13 AC307 0.4 163 180 200 176 20 63 3.8 5.0 1.3 194 2.45 
14 AC 316 0.2 160 180 200 177 20 68 4.2 5.0 1.5 198 5.85 
15 AC316 0.4 165 180 200 176 20 65 4.0 5.0 1.2 198 4.40 
16 AC395 0.2 169 180 200 176 20 77 4.1 5.0 2.0 198 6.14 
17 AC395 0.4 163 180 200 176 20 75 4.1 5.0 1.7 196 6.04 
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Polyethylene homopolymer waxes (Trials 1-10) 
A reduction in apparent fusion at the decompression zone and motor torque occurred as 
the PE wax dosage was increased. Torque rheometry [Table 6-2J of the same dryblend, 
produced similar results as fusion torque decreased and fusion time lengthened with wax 
dosage. 
Table 6-2: Torque rheometry of the dryblendfor Trials 1-10 
Fusion Torque (Nm) Fusion Time' (mins) 
0.2 phr 0.4 phr 0.2 phr 0.4 phr 
AC8 23.9 22.1 02:00 02:30 
AC6 24.2 21.8 02:00 02:30 
AC 617 24.0 21.8 02:00 02:30 
AC 16 23.8 22.0 02:30 02:30 
PE 520 22.6 21.5 02:00 02:30 
• Fusion times are quoted to the nearest Y, minute, as stipulated in ASTM 0_150552 
The delay in fusion is caused by a reduction in frictional heating between individual 
grains, and wall slip between the grains and processing equipment. It follows that torque 
values would also be less. 
The amount of fusion measured by DSC [Table 6-3J was dependent on the number-
average molecular weight (Mn) of the wax, i.e. lower molecular weight species of the 
mass distribution137•138: small non-polar molecules were ejected from the melt quickly, 
since they have very little compatibility with PVC, and fusion levels were increased. 
Table 6-3: DSC fusion levels of the extrudatefor Trials 1-10 
MWO a A Ht (Jig) 
Mw Mn PO 0.2 phr 0.4 phr 
AC8 6345 2460 2.58 3.78 3.42 
AC6 6310 2495 2.53 4.54 2.52 
AC 617 4940 1880 2.63 7.53 5.89 
AC 16 6855 2690 2.55 3.52 4.32 
PE 520 5525 1235 4.47 7.83 6.07 
a Molecular Weight Distribution: GPC 
Refer to Appendix IV for wax characterisation 
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Oxidised polyethylene homopolymers (Trials 1, 11-17) 
The role of oxidised HDPEs as rapid fusion promoters58,98 was shown by their maximum 
apparent fusion rating scores and high motor torque [Table 6-1], and torque rheometry 
[Table 6-4] of Trials 12-17, compared with the sole oxidised PE wax, AC 680 (Trials I 
and 11), The dosage of oxidised PE wax did not have any noticeable effect on fusion 
time, as shown by the comparable times with the non-oxidised waxes, 
Table 6-4: Torqae rheometry of the dryblendfor Trials 1,11-17 
Fusion Torque (Nm) Fusion Time' (mins) 
0.2 phr 0.4 phr 0.2 phr 0.4 phr 
AC680 23.9 22.7 02:00 02:00 
AC307 25.1 24.7 01:30 01:30 
AC 316 24.6 24.5 01:30 01:30 
AC395 25.5 25.1 01:30 01:30 
* Fusion times are quoted to the nearest Y. minute, as stipulated in ASTM D-150552 
The amount of fusion measured by DSC increased as oxidised HDPE chain length 
shortened, shown by lower viscosity, due to faster migration to the melt surface [Table 
6-5]. 
a 
Table 6-5: Torque rheometry of the dryblendfor Trials 1, 11-17 
Acid No. a Viscosity b 8 H, (Jig) 
(mg KOH/g) (cps) 0.2 phr 0.4 phr 
AC 307 7 85000 2.19 2.45 
AC 316 16 8500 5.85 4.40 
AC 395 41 2500 6.14 6.04 
.b _lV" ASTM D-1386, Brookfleld@ 160"C (data sheet values ) 
Refer to Appendix IV for wax characterisation 
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6.2 Polyethylene Homopoly mer Waxes 
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An increase of PE wax dosage was shown to produce more di e plateo ut [Figure 6- 1] due 
to an increase of immi sc ible ca rri er li qu id for plateout sensiti ve add iti ves fi'om the bu lk 
of the PVC melt to the di e after fusion , confirming Lippo ldt l08 
The varia ti on in plateout ratings between the waxes was compared to their phys ica l 
properties of density, melting po int and viscos ity. 
6.2.1 Density 
The amount of die plateout increased with wax density [Table 6-6 and Figure 6-2] , which 
is related to better packing of the PE molecul e (i.e. crysta llini ty) , whi ch is affected by 
fewer, or more frequent, short chain branches l 59 
Table 6-6: Polyethy lelle W(LY densities 
Densit~ • Plateout Ratings 
(kg/m) 0.2 phr 0.4 phr 
ACa 0.93 10.0 12.5 
AC6 0.92 10.0 12.0 
AC 617 0.91 8.5 10.0 
AC16 0.91 8.5 11 .5 
PE 520 0.93 12.5 14.0 
' ASTM 0 -1505 (data sheet values9J.I02) 
Refer to Appendix IV for wax characterisation 
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6.2.2 Melt Point 
Die plateou t was seen to increase with the crysta lline melting point of PE wax [Table 6-7 
and Figure 6-3], whi ch prov ided better stati stica l correla tion l' compared to dens ity. The 
temperature that the crystallites are permitted to me lt is affected by the degree of freedom 
of the ir molecules. Better molecular packing, ca used by less short chai n branching or 
more syndiotacticlisotactic branches, therefore results in higher melting temperatures. 
Table 6- 7: PolyelJrylene Utll.\'" densities ami melting temperatures 
DP ' Mp · Densit~ c Plateout Ratings 
(DC) (DC) (kg/m) 0.2 phr 0.4 phr 
AC8 11 3 111 0.93 10.0 12.5 
AC6 106 104 0.92 10.0 12.0 
AC 617 101 99 0.91 8.5 10.0 
AC 16 102 100 0 .91 8.5 11 .5 
PE 520 119 115 0.93 12.5 14.0 
• Drop Point: ASTM 0-3954; b Melt Point: DSC; C ASTM 0-1505 (data sheet va/ues9J./ 02) 
Refer to Appendix IV for wax characterisation 
t R2, the Coefficient of Determination, provides the variance of a line-of-best-fit from the observed 
data '·'. Excef ca lculates R' using the following formula: 
R' = 1- SS£ 
SST 
11 
(6 .1 ) 
As 0 $ R' $ 1, the goodness-of-fit of the model improves as R' ~ 1, although a high R' value 
does not necessarily guarantee that the model fi ts the data well ,.2. 1.3. 
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As a property, the melting poi nt of the PE wax dete tl11ines the locati on along the 
ex trusion line, where their externa l lubri cating properti es full y take effect, e.g. lower 
me lting waxes become active sooner and therefore delay the fusion process. The 
observation above shows that plateout is less preva lent in compounds that undergo fusion 
later in the ex truder. 
6.2.3 Viscosity 
Table 6-8: P()~Jlet"ylelle wax properties 
OP ' MP ' Oensitr c Visc d MWO ' Plateout Rati ngs 
('C) ('C) (kg /m ) (cps) Mw Mo PO 0.2 phr 0.4 phr 
AC8 113 111 0.93 450 6345 2460 2.58 10.0 12.5 
AC6 106 104 0.92 375 6310 2495 2.53 10.0 12.0 
AC 617 101 99 0.91 180 4940 1880 2.63 8.5 10.0 
AC 16 102 100 0.91 525 6855 2690 2.55 8 .5 11 .5 
PE 520 11 9 115 0.93 624 5525 1235 4.47 12.5 14.0 
a Drop Point: ASTM 0 -3954; b Melt Point: DSC; C ASTM 0-1505; d Viscosity: Brookfield@ 141J'C 
e Molecular Weight Distribution: GPC. 
Refer to Appendix IV for wax characterisation 
The amount of die plateout was seen to increase linearly with viscosity for four of the 
waxes: AC8, AC6, AC6 17 and PE520 (Table 6-8 and Figure 6-4] ; indeed, there was very 
littl e stati stical variati on by linear regress ion between these four waxes. T he exception to 
thi s relationship was AC 16, whi ch produced littl e die plateout despite possess ing a 
relative ly high viscosity. 
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Viscosity is one of the factors that determines where a lubricant will migrate to the 
region between the PVC melt and processing equipment (wa ll slip layer)58 For a given 
molecular weight, a lubricant with higher viscos ity will have longer cha ins; those with 
lower viscos ities wi ll possess more long chain branching l 59 More viscous lubricants will 
therefore migrate later, as the mobility of their longer chains is limited by entanglements 
with adjacent molecules, and inhibit the amount of PVC fus ion [Table 6-3] ; less viscous 
lubricants will migrate to the surface sooner due to the compactness of the molecul es. 
Comparing the lubricant behaviour of AC6 17 with PE520 [Table 6-8], low melting 
lubricants with low viscosities (AC6 17) become active fusion control/slip agents sooner 
than high melting lubricants with high viscosities (PE520). It foll ows that there wil l be 
more PE520 in the die than AC6 17 as the latter 's film is spread thinner along the length 
of the process ing equipment. Since there is more external lubricant in the die, the 
tendency for die plateout is also increased, which correlates with the effec t of increas ing 
wax dosage in the dryb lend. 
Despite possessing a relative ly high viscosity, the lubricant behaviour and die plateout 
performance of AC 16 was different because it possessed a low crystalline melting 
temperature. Therefore, with respect to the PE waxes used in thi s investigati on, the 
tendency of a lubricant to promote die pl ateout more dependent on the factors that 
determine wa ll slip at the die and fusion time, rather than the degree of fusion. 
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6.3 Oxidised High Densi ty Polyethylene 
As with the non-oxidised PE waxes, an increase in dosage of ox idised PE also resulted in 
more plateout depos ition in the die [Figure 6-5 and Tab le 6-9J and can be attributed to a 
thicker wall slip/meta l release layer. 
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The three ox idised HDP Es (AC307, AC3 16, AC395) increased the formu lations' 
susceptibi li ty to plateout compared to the oxidised PE wax (AC680). There are a number 
of reasons fo r this: 
• Fusion occurs at higher pressure USttlg compounds fo rmulated with ox idised 
HOPEs59.t6o; more die plateout will form at reg ions of decompress ion 108 
• Ox idised HOPEs promote fusion more readil y than ox id ised PE waxes58.59. 160 [Table 
6- 1 and Table 6-4]. If fusion occurs too rapidly, overheating of the materi al is a 
poss ibi lity, as seen to a limited ex tent in Table 6-1. The rise in temperature will cause 
a lowering of the net melt viscosity, allowing plateout sensitive additives to migrate 
to the surface of the PVC melt more read il y. Stick ing of the material to the die by 
insuffi cient ex ternal lubri cation is also a poss ibili ty98 
• The high melting poin t and viscosity of oxidised HOPEs compared to the ox idised 
PE waxes [Table 6-9J, also means that the external metal release properties became 
active significantly later along the ex trusion line, such as in the die and calendering 
equipment. 
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Table 6-9: Oxil/ised po/yetily /elle properties 
Drop Point ' Melt Point b Densit~ c Viscosity Acid No.' Plateout Rati ngs 
(QC) (QC) (kg/m) (cps) (mg KOH/g) 0.2 phr 0.4 phr 
AC 680 108 104 0.93 250· 16 10.0 13.0 
AC 307 140 131 0.98 85000 e 7 12.5 14.0 
AC 316 140 132 0.98 8500 e 16 16.0 18.5 
AC 395 137 134 1.00 2500 e 30 17.5 18.5 
• ASTM 0 -3954; b DSC;' ASTM 0 -1505; d Brookfield @ 14ifc; e Brookfield @ 16ifC; 
f ASTM 0 -1386 
Refer to Appendix IV for wax characterisation 
Since ox idi sed PE wax and ox idised HDPE functi on so di fferently, it was not fe lt 
appropriate to directl y compare their plateout ratings. 
6.3.1 Degree of Oxidation 
Cons idering th e ox idised HDPEs only, die plateout increased with acid number up to a 
maximum, where the amount of depositi on appeared to leve l o ff [Figure 6-6]. This can 
be attributed to th e regul ari ty of th e lubri cating film and/or the ability of the wax to 
mi grate to the melt surface . 
20.0 
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0: 
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0: 
6.0 
4 .0 
2.0 · 
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• Lubricant film becomes more regular 
• Improved migration to melt surface 
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Acid Number (mg KOH/91 
ASTM 0 -1386 
25 30 
Fig ure 6-6: Influence of oxillised H DP£ lIcid "lImber 011 pIa/eo III rating 
35 
. 0.2 Phr ] 
. 0.4 phr 
The introdu cti on of acid groups to the PE structure affec ted the compatibili ty and metal 
release properti es of the lubricant to PVC. As compatibility increased, the lubricant 
exh ibited better wetting between the polar PVC me lt and processing equipment98.94. 164 
and hence, formed a more regular and coherent s li p layer. The drawback is that thi s 
provided grea ter tendeocy for the compound to pla teou!. The poss ible OCCULTen ce of 
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c urvature, or even knees, in Figure 6-6 suggested that the lubrica ting fi lm became regular 
at a certain ox idation leve l dependent on the lubricants' dosage leve ls . 
The viscosity of AC307, the lubricant w ith the lowest plateout ratings, was significantly 
higher than the other two oxidised HOPE grades [Table 6-9] and was caused by a 
relatively high molecular weight, i.e. chain length . [n the PVC me lt, longer chains 
entangle more with adjacent molecules, thus delay ing lubricant migration to the melt 
surface. Whil st thi s may have comparati ve ly benefited the plateout ratings, the delay in 
migra ti on might effect the amount plateout further downstream, e.g. on the ca librator or 
ca lendars. 
Both of these two hypotheses would need to be investi gated fully with different oxidi sed 
HOPE grades. 
6.4 Plateout Deposition Along the Flow Channel 
Literatllf'e sourcesl 08. 11 5 have indicated that plateout is more prevalent in reg ions of 
decompression. Despite the lack of faci lity to quantify the pressure changes within the 
plateout di e, one can see the pressure changes with respect to the variati on of plateout 
rating a long the length of the die [Figure 6-7 to I I]. The s igni !lcant areas of deposi tion 
were regions where decompression along the fl ow c hannel was greatest, in partic ular the 
adaptor, downstream side of the breaker plate and the curved sides prior to the die-land. 
Li tt le or no deposition was seen where fl ow was linear, possibly due to scrubbing of the 
channe l by the PVC melt and/or fill er. 
/ 
Die Exit 
#4 y/ 
~~~~--~~r-~- / 
deposit on 
Breaker 
Plate 
Figure 6- 7: Top view of the pfilfeouf die 
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6.5 Laser Ionisation Mass Analysis 
The characterisation of die plateout retained after the extrusion experiments was 
restricted to small number of trials, due to the low quantity of material adhered to the 
metal. For this reason, LIMA was the only suitable analytical technique. Dryblend 
material from Trials 2 and 15 were used as controls. 
The detected cations [Table 6-10) were consistent with those found in the supplied lead-
based plateout samples [Chapter 4]. Species related to the lead stabiliser (including 
phosphite anions, Table 6-11) were readily detected in all samples, but calcium and 
titanium related species were less prevalent in the oxidised HDPEs samples (Trials 15-
17). 
Chromium and iron were also detected in Trial 16, indicating abrasion and/or corrosion 
of the processing equipment1l2,1I3,1l5. 
Table 6-10: LIMA die plateout cations 
Na AI K Ca Ti Cr Fe CaOH TiO CaCI Na2C1 Ca20 Pb 
Dryblend 2 
· · · · · · · 
Dryblend 15 
· · · · 
• 
· · · 
Trial 2 
· · · · · 
• 
· · 
Trial 4 
· · · · 
• 
· 
• 
· · 
Trial 9 
· · · · 
• 
· 
• 
· · · 
Trial 11 
· · 
• 
· 
• 
· 
. 
· 
Tri.115 
· · · · 
Trial 16 
· · · · 
• 
· · · · · 
• 
Tri.l17 
· · · · · 
Table 6-11: LIMA die plateout anions 
Cl po, PO, 
Dryblend 2 
· · · 
Dryblend 15 • 
· · 
Trial 2 • 
· 
• 
T,iol4 • • • 
Trial 9 
· · · 
Trial 11 
· · · 
Trial 15 
· · · 
T,i.116 
· · · 
Trial 17 
· · · 
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6.6 Conclusions 
Die plateout was affected by a number of factors relating to polyethylene homopolymer 
structure and dosage. 
The melting point values of non-oxidised polyethylene waxes were related to the amount 
of die plateout. Lower melting lubricants became active earlier in the extruder, which 
lessened the amount of lubricant available further downstream and so plateout was 
reduced. Lowering the crystalline melting point can be achieved by either increasing the 
amount of short chain branching, or by reducing the regularity in which these branches 
occur, i.e. tending towards an atactic arrangement. 
The plateout ratings of the oxidised high-density polyethylenes were comparatively 
higher than the oxidised polyethylene wax. Three possible reasons were identified: 
increased pressure at fusion; lower viscosity of the PVC melt due to higher melt 
temperatures; delayed migration to the PVC melt/die surface. 
Lowering the degree of oxidation in high-density polyethylene was seen to reduce die 
plateout. This could be related to the irregularity of the lubricant film or the inability of 
the lubricant to migrate to the melt surface, due to the higher lubricant viscosity caused 
by chain entanglements. 
Lowering the dosage of non-oxidised and oxidised polyethylene homopolymer lubricant 
in the dryblend, reduced the amount of die plateout. This was assumed to be due to a 
thinner lubricating wall slip layer between the PVC melt and die. 
Plateout was deposited at regions of greatest decompression, particularly the adaptor, the 
downstream side of the breaker plate, and the section before the die-land. 
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Chapter 7 Results and Discussion IV: Influence of Stearate and PE Wax Dosage on Plateout 
7 RESULTS AND DISCUSSION IV: INVESTIGATION OF STEARATE 
AND POLYETHYLENE WAX DOSAGE ON DIE PLATEOUT 
Experiment JII (see Chapter 6) showed how the melting point of a PE wax affects the 
tendency of a compound to plateout by influencing the amount of lubricant in die. 
However, it did not consider the other lubricants in the compound, such as the metal 
soaps, that may also contribute to the plateout process. 
Hartitz92, and more recently Rabinovitch et al. 94, described how interactions between 
metal soaps and polyolefins affect the fusion behaviour of a compound, and so it may 
also be possible that these interactions affect plateout, too. 
Using calcium stearate, lead stearate and non-oxidised polyethylene wax dosages as 
independent variables in a rigid PVC window profile base-formulation, a series of trials 
were formulated using the ECHIp® Design of Experiments methodology for plateout 
evaluation, using a laboratory scale twin-screw extruder equipped with a plateout 
sensitive die. Plateout ratings and melt temperatures were measured to determine any 
interactions between the independent variables. These results were then compared with 
data from a torque rheometer on dryblend material, retained from the extrusion test. 
Four different non-oxidised polyethylene waxes were used for this study. 
7.1 Effect of Formulation Modifications on Plate out and Melt Temperature 
7.1.1 Extrusion Data 
The processing conditions were consistent throughout all 40 trials, meaning that any 
variation in extrusion performance can be attributed to the difference in interactions 
between the variable combinations [Appendix V: Table 14-1]. 
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7.1.2 Model Su itability 
The suitability of the model can be determined by direct ly comparing the fitted (i.e. 
ca lculated) results with the observed (i.e. actual) va lues, of which the difference between 
the two is the res idual (i.e. error-of-fit) (7. 1) 162: 
(7. 1) 
where y is the observation and y is the fitted result. 
Plotting the residuals against the fitted va lues provides a good indication of the model's 
adequacy if the di stribution of the data points appears slruclllreless, uniform or 
d ill 16>-166 Ad" . I I ' f d .. d' . f I ran om . - . tstlllctt ve s lape or c ustertng 0 ata POllltS III tcates vanance 0 t le 
standard deviationl6J-166 
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The scatter of the plateout rating residua ls against fitted plateout ratings [Figure 7- 1] was 
constant and the data points were split approx imately 50/50 about y=O (i.e. the observed 
response), showing that any errors were di stributed randomlyl63 However, one could 
argue that the scatter for PE 520 showed greater va riance at the lower fitted plateout 
ratings. Clustering around 19 1 to 192°C, and 194°C of the melt temperature res idua ls 
[Figure 7-2] suggests an amount of systematic error l63 
Table 7- 1: Residual Slam/art! (Jevia/ions, ur• 
Plateout Melt Temp 
AC8 0.94 0.38 
PE 520 2.55 1.21 
ACX 1536 1.47 1.42 
AC 16 1.10 1.21 
Net 0 , 1.64 1.12 
Schiller,ur.167 0.60 -
• R ·d I I d d . . III;' CS! ua stan( ar eVlatlOl1, (J = ...:....:=-
, cl 
Let d ::::: 11 - k , where 11 is the number of observa tions and k is the number of terms in the categori ca l 
segment of Ihe model 
:.cI = 10 - 7 
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Table 7-2: Plateoul raling standard del,;atioll compared with W(Ll'" me/ling poilll 
Melting Point ' PO b Plateout (C) (7, 
AC8 111 .1 2.58 0.94 
PE 520 115.1 4.47 2.55 
ACX 1536 117.0 2.53 1.47 
AC 16 100.0 2.55 1.10 
" Melting poinls IVere measllred by DSC [Appendix IV: Figllres 10-1 10 10-6) 
b Polydispersilies Il'ere measllred by GPC [Appendix IV: Table 10-3} 
IJ,· of AC 8 and AC 16 compared fa vourab ly with IJ of the plateout ratings for a control 
group of 19 tri als I07. 167 [Table 7-1]. IJ,. of ACX 1536 was only slightly higher, whilst that of 
PE 520 was notably higher. The bigger spread of res iduals for the latter two waxes could 
be due to: 
• Poorer di spersion and di stribution throughout the dlybleLld caused by their higher 
melting points, given that the dryblend ing procedure was only perfonned to 120°C -
certain experimental evidence has shown that cooler dryb lending conditions can 
increase the variability of plateout ratings 168 
• Wider molecular weight distribution, as shown by PO, particularly for PE520 [Table 
7-2]. 
15.0 
MP=111°C MP = 100°C 
14.0 
13.0 
12.0 -
Cl 
0 
~ 11.0 -0: 
-~ 0 10.0 -
.!i 
~ 
il: 
9.0 -- -,-
8.0 
7.0 
6.0 
AC 8 (Ill) AC 8 (IV) PE 520 (Ill) PE 520 (IV) AC 16 (Ill) AC 16 (IV) 
i='igllre 7-3: DoE pla/eolll ratings compllred wiflt 'hose from Experiment III 
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Compared w ith prev ious plateout results trom Experiment !Il [see C hapter 6] , the DoE 
mode l provided similar data for 0.2 phr of wax, whil st the model ratings for 0.4 phr were 
considerab ly lower [Figure 7-3]. However, the relati ve levels of the model ratings still 
complied with the relationship with the melting point of PE wax. 
197 
196 -
195 
~ 
194 
~ 
" ~ 193 • Co 
E 
• 192 .... 
-.; 
:;; 
191 
190 
189 
AC 8 (ltl) AC 8 (IV) PE 520 (lit) PE 520 (IV) AC 16 (Ill) AC 16 (IV) 
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Again , as w ith Experiment Ill, the me lt temperature obtained from the model was 
lowered as the amount of wax in the formulation was increased [Fig ure 7-4]. No trend 
was apparen t between the wax gra des for either the model or experi menta l data. 
7. J.3 Additive Effects 
The effect of varying the add itive dosage was viewed using the Effects Graphs for the 
relevant response. 
Model terms were di splayed as horizonta l lines, the length of which signifi ed the 
magnitude of the effect - ECHIP ranks the tenns so that the effect with the highest 
magnitude appears at the top of the graph (Pat'eto method); a '+' or ' -' sign indicated a 
positi ve or negative effect, respecti ve ly. 
The longer vert ica l lines represented the confidence limi ts, i.e, the s ignifi cance of the 
teml . Those that were considered statistically signifi cant (i.e. confidence ~95%) , were 
marked blue whil st insign ificant terms were marked red. Terms that we re neither 
signifi cant nor insignifi cant, were marked grey l21. 
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Responses were also viewed using ECHIP 's interacti on plots [Appendi x V: Figures 13- 1 
to 13-5] . Wax and ca lcium stearate were the hori zontal and verti ca l axes, respecti ve ly; 
the off-ax is variables (normal lead stearate and wax grade), were altered by dragging on 
the sca les at the top right of each plo t. 
7.1.3. 1 AC 8 
The indi vidual effect o f va ly ing the dosage of the three additi ves had littl e net influence 
on plateo ut deposit ion [Figure 7-5: left] . Synerg isti c interacti ons between CaS t2* NLS 
and CaS t2* AC8 were apparent with the former hav ing the dominant e ffec t on cont ro lling 
plateoul. The CaSt2*N LS contributed to the wide spac ings between the three lines in the 
interacti on plots [Appendix V: Figure 14- 1, left], which show that AC 8 was sensiti ve to 
variati ons in CaSt2 and N LS. 
Wax dosage reduced melt temperature as seen in Experiment Ill, and was the most 
influential vari able [Figure 7-5: ri ght]; the addition of ca lcium s tearate also had a 
noticeable ex ternal lubri cati on effect [Appendix V: Figure 14- 1, ri ght]. 
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7.1.3.2 PE 520 
No terms were shown to have any effect with >95% confidence, on e ither plateout or 
melt temperature. Compared with AC 8 based formulations, the ro le of NLS was more 
noteworthy as it was seen to have a synergistic interaction with PE 520 when contro ll ing 
plateout and melt temperature, but a pos itive effect when considered on its own [Figure 
7-6] ; the effect of vary ing CaSt2 was negligib le. 
The plateout response surface of the interaction plots [Appendi x V: Figure 14-2 , left) 
possessed steep gradients at low and high NLS dosages, which demonstrated that 
variati on of CaSt2 and wax dosage were relevant, if not statisti cally sign ificant if the 
compound was under or over lubricated. The response surface was not as varied at a 
conventiona l NLS dosage of0.25phr. 
As with AC 8 based foml ul ations, addi ti ons of PE 520 wax reduced melt temperature. 
Pareto Effects for Plateout Pareto Effects for Melt_ Tem p 
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Figure 7-6: PE 520 Pareto effects 
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7.1.3.3 ACX 1536 
o additi ve interactions were shown to affect ei ther response wi th confidence [Figure 
7-7J. CaSt2 and ACX 1536 showed intermediate significance in promoting plateout and 
reduc ing me lt temperature, respect ively . 
The pl ateout response surface of the interaction plots [Appendix V: Figure 14-3, leftJ was 
simi lar to that of PE520 's, except that the inflecti on in the curve occurred later (i.e. at a 
higher NLS dosage) due to the insignifi cance of the NLS*wax interacti on. The role of 
the wax in contro ll ing melt temperature was also cIear [Appendi x V: Figure 14-3 , ri ght]. 
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7.1.3.4 AC 16 
Five of the six terms were considered to have intermediate sign ificance on plateout 
deposition [F igure 7-8: left] ; only CaSt2* NLS and CaSt2 were deemed of in termediate 
signifi cance on melt temperature [Figure 7-8: right]. 
At low to mid leve ls of NLS (0.00-0.25 piu), the interacti on plots [Appendi x V: Figure 
14-4, top and middle left] were simi lar to those seen prev ious ly but at lower overa ll 
ratings, which correlates with observations from Experiment III [Chapter 6] . The wide 
spacing between the lines suggests that the compound was sensitive to va ri ations in 
CaSt2. 
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7.1.4 Summary 
The individual additi ves were seen to increase plateout [Table 7-3], wh ich is consistent 
with the ex terna l lubrication mechanism proposed by Rab inov itch et 0/94 , but 
surpri s ing ly, the significance of the terms was intermediate or negligibl e, particularly 
wax. Normal lead stearate and wax did have negative effects in AC 8 formulations , but 
these effects can be considered erroneous given tbat terms were insignificant and the 
latter observati on was contrary to those in Chapter 6. 
Table 7-1: P/afeoul rating effects summary 
AC 8 PE 520 ACX 1536 AC16 
1 CaSt2 + + 
2 NLS 
- + 
3 Wax 
- + + 
4 CaSt, NLS - (0) 
- -
5 CaSt,Wax 
- -
6 NLS'Wax 
- -
+/- Statistically significant: • 95%, .. 99%, ... 99.9% 
+/- Statistica lly insignificant 
Neither signifi cant nor insignificant 
-
Synerg isti c interactions were seen in all formulati ons with the calc ium stearate & normal 
lead stearate interaction being of significance. The resulting curvaWres of the response 
surface showed the sensiti vity of a particu lar grade to changes in dosage of the otber two 
variab les. The sensitivities can be summari sed as follows·: 
Under-lubricated : PE 520 > AC 16 (Plateou! rating range) (5.8-11 .6) (5.4-10.0) 
-Normal : AC 16 > Aca (Plateou! rating range) (8.9-10.5) (10.4-9.4) 
Over-lubricated: PE 520 > ACa (Plateou! rating range) (14.7-10.6) (9.6-6.7) 
• Wax sensiti vities in the range 0. 1-0.5 ph I' wax : -
Under- lubricated: 0.05 phI' CaSt, and 0.05 piu NLS 
- Normal: 0.25 phr CaSt, and 0.25 phr NLS 
Over- lubricated: 0.45 phr CaSt, and 0.45 piu NLS 
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> ACX 1536 > ACa (8.2-11 .4) (7.5-8.4) 
> PE 520 > ACX 1536 (11 .2-12.0) (10.9-1 1.6) 
> ACX 1536 > AC16 (12.0·10.3) (11 .0·1 0.1) 
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Other than wax dosage, the influence of the other tenns on melt temperature appeared 
random and depended on the wax grade [Tab le 7-4]. The high signifi cance of the AC 8 
dosage (- 99%) is indicative of the goodness-of-fit of the model wi th the observed data, 
which was represented by the low residuals. 
Table 7-4: A1elt temperature effects summary 
AC 8 PE 520 ACX 1536 AC 16 
1 CaSt2 + + 
2 NLS 
- -
3 Wax - (** ) 
4 CaSt, NLS + 
- -
5 CaSt,Wax + - -
6 NLS·Wax + + 
+/- Statistically significant: • 95%, •• 99%, ... 99.9% 
+/- Statistically insignificant 
Neither significant nor insignificant 
+ 
-
+ 
+ 
ECHIP was capable of determining the mean of the effects in the form of the interaction 
plots [Figure 7-9]. 
At low NLS dosage (0.05 phr) plateout increased with both wax a.nd calc ium stea rate 
[Figure 7-9: top left] ; a small interacti on between these two additives was a lso apparent, 
as the three lines showed a small grad ient change in relati on with each other. The strong 
influence of the synergism between ca lcium stearate and no rmal lead stearate was 
ev ident through continued add ition of normal lead stearate (green dashed line). 
Melt tempera ture [right column] was controll ed predominantly by wax dosage due to the 
red ucti on of fri cti on; additi on of ca lcium stearate bad the same effect, but to a lesser 
degree. The addit ion of normal lead stearate had the effect of rais ing the melt temperature 
slightly. 
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7.2 Effects of Formulation Modifications on Fusion Performance 
Sec/ion 7. 1 showed how modifications to the lubricant dosage altered the plateout 
behav iour and influenced the maximum temperature of the PVC melt. To in vestigate 
how these alterations also changed the fusion beha viour of the compound , torque 
rheometry was performed on dryblend retai ned from the extrusion experiments. Time to 
fusion, torque at fusion, temperature at fusion and stab ility time data , we re entered in to 
the same DoE interaction model detailed in Sec/ion 7. 1. 
7.2. 1 Model Suitability 
Refer to Appendix V for the experimenta l results and model data. 
As w ith the plateout trials, the model suitability was studied by plotting the fitted 
response aga inst the residua ls: 
• The fus ion time res iduals were random and we ll distributed [Append ix V: Figure 
14-5). The mean a, was good given that the data coll ecti on was based on readings 
every 12 seconds [Table 7-5]; 
• The fusion torque residuals were light ly clustered around 20 and 21 Nm [Appendix 
V: Figure 14-6] but possessed low standard deviation [Table 7-5]; 
• The fusion temperature residuals were random and well d istributed with PE 520 and 
ACX 1536 showing greater scatter [Appendix V: Figure 14-7J ; 
• The stab ili ty time residuals were random and we ll distributed [Appendi x V: Figure 
14-8). 
Table 7-5: Torque rheometry standard deviations, ar 
Fusion Fusion Temp at Stability 
Time Torque Fusion Time 
(sec) (Nm) (DC) (sect 
AC 8 18 1.0 1.2 96 
PE 520 6 1.0 2.2 51 
ACX 1536 11 0.6 2.9 110 
AC 16 13 0.4 0.8 33 
Mean 13 0.8 2.0 79 
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7.2.2 Results Summary 
The fusion times uSlI1g a more conventional stearate dosage 
0.25phr LS, [Table 7-6) were similar to those in Experiment !! 
I.e . 0.25phr CaSt2 and 
J [Tab le 6-2], in that litt le 
ich caused longer fusion 
le difference between the 
va riation between grades was observed other than AC 16, wh 
times due to its lower melting point. Fusion to rque showed Ii tt 
grades. 
Tab le 7-6: Torque rheometer model ,'csu/ts using " com tell( ;OIwl c/osag e level u[steorll1e a{/tfiti'olCS 
Fusion Time (sec) Fusion Torque (Nm) Temp at Fusio n ("C) Stabitity Time (sec) 
0.2 phr 0.4 phr 0.2 phr 0.4 phr 0.2 phr O. 4 phr 0.2 phr 0.4 phr 
AC 8 125 157 22.5 20.9 192.9 1 94.1 1424 1536 
PE 520 126 152 22.4 20.7 191.8 1 94.2 1442 1526 
ACX 1536 134 174 22.5 21.0 189.6 1 92.8 1562 1708 
AC16 152 176 22.9 20.8 192.5 1 93.1 1573 1715 
The temperature at fus ion of ACX 1536 was lower than the oth er three grades, that were 
showed longer stability otherwise similar to one another. ACX 1536 and AC 16 both 
times. 
7.2.3 Effects Summary 
In accordance to extemal lubrication theory, fusion time [Tab l e 7-7) and fusion torque 
PE wax. Apart from the 
arate and any subsequent 
ary to other reported 
ar, to be a mi ld fusion 
[Table 7-8), were influenced predominantly by the dosage of 
ACX 1536 results, the roles of calc ium stearate, normal lead ste 
interact ions were I111110r or insignificant. This IS contr 
observations85.94.95 that claimed calcium stearate, III particul 
prOl11oter. 
Table 7-7: Fusion lime efecls summary 
AC 8 PE 520 ACX 1536 
1 CaSt, 
- + 1*1 
2 NLS + . 
3 Wax + 1*1 + 1**1 + 1** 
4 CaSt,'NLS 
-
5 CaSt,Wax 
- • 1*1 
6 NLS'Wax 
- + 
AC 16 
+ 
+ * 
+ 
+ 
+/- Statistically significant: • 95%, •• 99%, ... 99.9 % 
+/- Statistically insignificant 
Neither significant nor insignificant 
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Table 7-8: Fusion torque effects summary 
AC8 PE 520 ACX 1536 AC 16 
1 CaSt2 - + 
2 NLS 
- -
3 Wax - (*) - (*) - (**) 
4 CaSl,*NLS + - + 
5 CaSt,Wax + 
-
+ + 
6 NLS'Wax + 
-
+ + 
+/- Statistica lly sign ificant: • 95%, .. 99%, ... 99.9% 
+/- Statisticall y insignificant 
Neither significant nor insignificant 
Wax had a moderately pos itive effect on the temperature of the melt at fu sion [Table 7-9] 
due to longer residence times as a direct result of delayed fus ion, rather than the 
reduction in torque caused by greater wa ll slip. 
Table 7-9: FU.\'iOll temperlllure effects summary 
AC 8 PE 520 ACX 1536 AC 16 
1 CaSt2 - + 
2 NLS + - + 
3 Wax 
4 CaSt,NLS 
-
- -
5 CaSl,*Wax + + 
- -
6 NLS'Wax 
- + + + 
+/- Statistically signi ficant: • 95%, .. 99%, ... 99.9% 
+/- Statistically insignificant 
Neither significant nor insignificant 
Additive inte racti ons had li tt le effect on the stabi lity time of the compound [Table 7- 10]. 
The indi vidual components were significant to vmyi ng degrees, but each served to 
increase stab ility due to extra lu bricat ion or stabi li sing effects. 
Table 7·10: Stability time effects summary 
AC 8 PE 520 ACX 1536 AC 16 
1 CaSt2 + 1**1 + 1*1 + (**) 
2 NLS + (*) + (**) 
3 Wax + 1*1 + (**) 
4 CaSt,NLS + - - -
5 CaSt, Wax + (*) 
-
6 NLS'Wax + 
- -
+/- Statistically significant: • 95%, .. 99%, ••• 99.9% 
+/- Statistically insignificant 
Neither significant nor insignificant 
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7.3 Conclusions 
An interacti on model was used to eva luate the effect of v3ly ing the dosage of ca lcium 
stearate, normal lead stearate and polyethylene wax on plateout depos ition and fusion 
performance . T he model was regarded adequate with minima l systemati c error, but it was 
noti ced that the wax grades , with the hi gher melting points, possessed higher residual 
va lues. 
The individual effect of add iti ve dosage on plateout ratings was cons idered minor by the 
mode l. A surpri sing observati on was the mild effect of O.4phr wax us ing conve ntional 
stearate dosages, whe n compared to the eq ui va lent formulations in Experiment 1/1. Other 
than the ca lcium stearate and normal lead stearate interaction in AC 8 formulation s, 
additive interactions had a minor synergisti c effect on plateout deposition. 
Wax dosage was found to be the most significant variable for controlling me lt 
temperature. 
ContralY to work by Hartitz92 and Rabinovi tch et a/9 4, the indiv idual effects of the 
add iti ves, rather than add iti ve interactions, influenced fus ion performance. 
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8 DISCUSSION 
In Chapters 4 to 7 , it was shown that the formulation constituents, the ir initi al dosage, 
and the process conditions prior to and during ex trusion, influenced plateout. 
In lead stabilised window profi le ex trus ion, di e plateout is genera ll y composed of 
inorgan ic so lid particles such as ca lcium carbonate fill er, titanium d iox ide pigmen t and 
dibasic lead phosphite stabili ser, as shown by the ana lys is of samples obtained from 
commerc ial extrusion lines, the plateout extrusion tri als and observati ons by Pointer ' 09 
Charred PVC and lubricant make up the organic component, whilst fragments of the 
ex trusion equipment indicate abras ion and/or corrosion of the processing equipment 
accol'd ing to mechanisms discussed by Leskovyansky'" and Bussman el a/. '1 2 
The compos ition of the ca libra ti on plateout is generall y long chain fa tty acid (palmitic 
and steari c acids), meta l stearates, hydrocarbon waxes and metal release agents, as shown 
by Clarke" 6 and analys is o f the plateout from a commerc ia l extrus ion line. 
Unfortu nately, the above components are essenti al for process ing rig id PVC and ensuring 
that the fi na l product has suffic ient lifespan when in service. T here are, however, 
numerous techniques to minimise plateau!. 
Poi nter ' 09 inves tiga ted the use offixed-mix and parlia/ fixed-mix compounds, which lock 
the inorgani c particles within the PVC melt, and showed that these s ignificantl y reduce 
plateout susceptibili ty, but at a cost. Another technique is the use o f silica-based anti-
plateout agents that scrub the flow channe l of any depos it39 The techniques investi gated 
in th is thesis were process and formulation-based, using a vari ety of polyethylene 
homopolymer waxes and metal stearates of diffe rent dosage. 
Of the process methods, increas ing the PVC melt viscos ity by reducing the extrusion 
temperature was an effecti ve method, but this could affect other properties when applied 
to a full-sca le extrusion line, such as surface g loss, if the compound 's processing wi ndow 
is small. 0.30 phr of water in the dryblend [see Appendix Ill ) substanti ally increased 
plateou! and sticking of PVC at the die , in agreement with Schiller ,07 who had also 
observed a noticeable increase w ith moisture leve ls as low as 0.05 phr. Commercia ll y, 
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moisture can be minimised by storing materi als, especially lead oxide stabilisers l 2o, in a 
cool dry environment for short time peri ods before use l 19 
The dosage of external lubricant influenced the amount of die plateout, according to the 
carrier mechanism proposed by Lippoldt '08 The properties of non-ox idised PE waxes 
that control the loca tion of ac ti vation, along the ex trusion line, affec ted die plateout, e.g. 
lower melting waxes produced less pl ateout as they coated the PVC grains and ex trusion 
equipment sooner thus deve loping a thinner wall slip layer at the di e. Increas ing the 
dosage of wax thickened the wall sli p layer, thus increas ing the likelihood of the Lippoldt 
mechanism. The Brookfield viscosity of these waxes was not a contributing property, as 
suggested by the AC 16 results. 
The die plateout behaviour of a ox idised polyethylene wax was much li ke that of a non-
oxidised po lyethylene - the slightly hi gher ratings can be attributed to the more 
wetted/coherent lubricating film by the polar polyeth ylene molecules. The ox idised high-
density polyethylenes produced higher plateout ratings than the ox idised wax, poss ibly 
due to the fo llowing: increased pressure at fusion; lower viscosity of the PVC melt due to 
higher melt temperatures; delayed migration to the PVC melt/die surface. Lowering the 
degree of ox idation in high-density polyethylene reduced die plateout, which could be 
related to the irregulari ty of the lubricant film or the inability of the lubricant to migrate 
to the melt surface due to the substantiall y high chain length - viscosity is, therefore, an 
indirect controlling va riable for these products. 
More plateout was observed at regions of greatest decompress ion, particularl y the 
adaptor, the downstream side of the breaker plate and the secti on prior to the die-land, 
which is in agreement with Lippoldt, and Szarvasy and Pittman. 
Ca lcium stearate and normal lead stearate were shown to interact/mix above their melling 
points under static conditions in a DSC pan. Under dynamic condit ions in a PVC 
ex truder, experimental des ign showed that the individual effects of adding these two 
metal soaps, and polyethylene wax, increased die plateout using conventional or under-
lubricated dosages; synergistic interactions, as proposed by Rabinovitch el al9 4 were 
noti ceable when the formulation was over-lubricated. 
Covas and Maia90 proposed a three-step mechanism relating fusion with wall slip: 
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I . Plug flow - occurs a t very low fusion and shear stress leve ls where external 
lubricants coat the individua l PVC particl es; 
2. Combined flow - occurs at moderate shear stress and fusion leve ls, where the 
external lubricants begin to migrate to the surface of the process ing equipment ; 
3. Lubricant flow - occurs at hi gher shea r stress and fusion leve ls, where flow is 
due to wall slip at the surface of the PVC melt and process ing equipmen t since 
there is no contributory flow by PVC particles . 
The results presented in thi s research can be applied to the above mechani sm, to produce 
an overa ll picture of the die plateout process us ing polyethylene homopolymers and 
metal stearates as sou rces of ex ternal lubricat ion. 
The coat ing of PVC particles by lubricant is facilitated when using low melting products 
like po lyeth ylene wax and normal lead stea rate, since their melting points are below the 
conventional dry blending temperature o f 120°C. Calcium stearate and oxidised high-
density polyethy lenes are remain so lid when dryblended, and are dispersed and 
distributed throughout the compound in the same manner as particulates . 
As shea r and fusion increase in an ex truder, i. e. by combined flow, the molten 
polyethylene wax and nornlal lead stearate migrate to the surface of the processing 
equipment (wa ll s lip layer) due to limited compatibility in the developing PVC melt; the 
migrati on of calcium stearate is delayed as the majority of crystallites are not molten 
until they reach - 135°C. These lubricants can·y inorganic so lids (ca lcium carbonate, 
titanium dioxide and dibasic lead phosphite), as they migrate to the wa ll slip region t08 
These so lids are then deposited in the die at regions of decompress ion 10R, scratches 1 15 (if 
larger than part icle size) and adhered/charred PVC. 
All lubricants are molten when the lubricant flow regime comes into effect; chain length 
detefl11ines the mobility of the lubricant trapped in the PVC melt as it migrates to the wall 
slip layer - thi s particularly applies to oxidised high-density polyethylene. 
The above mechanisms are summari sed schematica lly in Figure 8-/ , combining those 
I . I t07 S lown prev tous y . 
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9 CONCLUSIONS 
Die plateout in lead stabilised rigid PVC window profile extrusion is predominantly 
composed of calcium carbonate, titanium dioxide, and dibasic lead phosphite. Useful 
techniques for detecting these additives, including species related to the stabilisation of 
PVC, and signs of deterioration of the processing equipment, are laser ionisation mass 
analysis, infra-red spectroscopy, scanning electron microscopy and differential scanning 
calorimetry . 
Die plateout can be controlled or minimised by altering the external lubrication of the 
formulation, particularly those factors that relate to the thickness of the wall slip layer. 
This is seen when a reduction in dosage of polyethylene homopolymers also reduces die 
plateout, due to a thinner lubricating layer. 
The crystalline melting point of non-oxidised polyethylene waxes affects the amount of 
die plateout - lower melting lubricants become active earlier in the extruder, which 
lessens the amount of lubricant further downstream and plateout is reduced. The 
temperature that the crystallites are permitted to melt is affected by the degree of freedom 
of their molecules. Less efficient molecular packing, caused by more atactic short chain 
branching, therefore results in lower melting temperatures. 
Substituting oxidised polyethylene wax for oxidised high-density polyethylene can make 
the compound more susceptible to die plateou!. This maybe due to: increased pressure at 
fusion; lower viscosity of the PVC melt due to higher melt temperatures; delayed 
migration to the PVC melt/die surface. 
Lowering the degree of oxidation in high-density polyethylene reduces die plateou!. This 
maybe related to the irregularity of the lubricant film or inability of the lubricant to 
migrate to the melt surface due to the higher lubricant viscosity (e.g. due to chain 
entanglements). 
Plateout is deposited at regions of greatest decompression, particularly the adaptor, the 
downstream side of the breaker plate and the section prior to the die-land. 
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Altering the dosage of calcium stearate and normal lead stearate also influences plateout 
deposition, as shown by experimental design methods. Individually, both additives 
increase die plateout when their dosages are also increased, but at high dosages, i.e. when 
the formulation is considered over-lubricated, some additive synergism is suggested by 
experimental design. 
Wax dosage has a more significant effect on controlling melt temperature than metal 
stearate dosage. 
9.1 Recommendations for Future Work 
From the results shown in this thesis, further investigation into the plateout phenomena is 
required. Suggestions include the following: 
• Perform plateout trials using other stabilisers, e.g. calcium/zinc and organic based 
stabiliser - despite being an important stabiliser in today's market, lead is being 
phased-out under the industry'S Vinyl 2010 voluntary commitment. Understanding 
the plateout behaviour in other stabiliser systems is therefore important. 
• Perform an in-depth series of trials using a wider range of oxidised high-density 
polyethylene and oxidised polyethylene wax - the latter part of this study focused on 
non-oxidised polyethylene waxes, but tbe oxidised variants of polyethylene are also 
important due to their metal release properties. 
• Investigate plateout on downstream equipment, e.g. calibrator, calendars - die 
plateout was tbe focus of this work because it is a particular problem with lead 
stabilisation, but other stabiliser systems tend to plateout in other sections of the 
extrusion-line. This may also apply to lead formulations using oxidised high-density 
polyethylene. 
• Quantify the influence of pressure on die plateout - the extruder used in this study 
was not equipped to measure pressure and temperature in-line. 
• Correlate plateout rating with other properties, such as surface gloss or impact 
strength - altering an otherwise balanced formulation for the sake of reducing 
plateout may influence other important properties important to the end-user. 
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Figure 10-4: Second heating cycle oJzinc stearate 
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Appendix 11: Additive Interaction Study 
Sample: llstab Ca 
SIze: 128362 mg 
Method. Listabl 
TGA,DTA 
File'. C:\OATAWarshney\listab 00 1 
Operator: SW 
Run Date: 13·Mar·0216:39 
lOO!j:-......,'::"tt ==,:;;:,,-:;;:,1:¥, ===============_,:::,_=---7-1'500 
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Figure 11-1: Thermal gravimetric analysis of calcium stearate monohydrate 
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Plateout Project Extrusion Run Sheet 
Date: Blend: 
Start Time: Finish Time: 
';"''»'; Time (min) .. ,.. ,., 
.'; ., ... . ... . ...",'. 
::.'·2~ .. , .•. , •••.• ,. • All ....• 1,,'·7o,.· .• 
. . I,·.:" .',: .; ...• ,.,., ...... 
Zone 1 tc) ( ) 
2 (0c) ( ) 
Die ("C) ( ) 
Screw: Temperature (oC) ( ) 
Speed (rpm) ( ) 
Torque (%) 
-
Output (kg/hr) 
-
Gelation (0 - 5) 
-
Screw Level (0 - 5) 
-
I Melt Temp (0c) #1 (Die) #3 #4 
Part #1 
Part #2 
Part #3 
Part #4 
Breaker Plate 
Adaptor 
#2 Breaker Plate 
Notes: 
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Determining the Processing Conditions 
Eight different processing conditions were investigated [Table 12-1] using a standard 
formulation [Table 12-2]. 
Table 12-1: Processin!! selfin!!s 
Temperature DC) Screw Moisture 
Trial Zone Zone Die Temp Speed Level Content 1 2 ("Cl (roml (%1 (phr) 
A 180 190 200 180 20 20-40 0.0 
B 170 180 200 175 20 20-40 0.3 
C 180 190 200 180 20 50-75 0.0 
D 170 180 200 170 20 50-75 0.3 
E 175 190 205 175 20 50-75 0.0 
F 170 180 205 175 20 50-75 0.3 
G 170 180 190 170 20 50-75 0.0 
H 170 180 190 170 20 50-75 0.3 
Table 12-2: Formulation used for the orocessinl! investieation 
Material Grade phr 
PVC (K=68) Evipol SH680 100.00 
Calcium carbonate Omya Hydrocarb 95T 5.50 
Titanium dioxide Kronos 2220 3.50 
Impact modifier Kaneca Kane Ace FM22 6.50 
Stabiliser one-pack PWX VP 504941 5.39 
Polyethylene wax AC8A OAO 
Water - 0.00 or 0.30 
Dryblend was prepared using the procedure in Section 3.6.1.1. Trials with O.3phr 
moisture (i.e. Trials B, D, F & H) were prepared by adding the necessary quantity of 
water to the dryblend in the chiller section of the mixer, before stirring. 
I PWX VP 50494 is a commercial one-pack produced by Chemson Ltd. Its constituents are l69 : dibasic lead 
phosphite, normal lead stearate, dibasic lead stearate, calcium stearate, oxidised polyethylene wax, 
processing aid and co-stabilisers 
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After determining plateout and fusion ratings, whilst noting those conditions that 
minimised a build up of burnt PVC in the die and streaking on the extrudate [Table 
12-3], the processing conditions were decided [Table 12-4]. 
Trial Plateout 
A 10 
B 10 
C 10.5 
0 19.5 
E N/A 
F 14 
G 15 
H 16.5 
Fusion 
4.0 
4.0 
4.8 
3.5 
3.7 
3.2 
3.3 
4.0 
Table 12-3: Processin. investi!!ation r esults 
Screw Level Melt Temp, °c 
1.3 199 
1.5 195 
2.5 201 
3.0 195 
3.0 200 
3.5 202 
4.0 183 
2.7 185 
Notes 
Screw level too low 
Screw level too low 
Some sticking, melt lemp too high 
Ideal conditions 
Could not be ra ted - severe sticking. melt temp too high 
melt temp too high Some sticking, 
Melt temp too I ow 
Melt temp too I ow 
Table 12-4: Proiect l rocessin!! condi lions 
zrne 1 Zone 2 Die Screw Se 
°Cl {OCI {oCI {OCI 
rewSpeed 
170 180 200 175 
Experiment Reproducibility 
19 trials, using a control formulation, were rated for die I b . d··d I 107 P ateout Y two III IVI ua s 
[Table 12-5]. 
Table 12-5: Plateout exneriment renrod ucibili 
Trial Mean Rating 
1 7.00 
2 7.75 
3 7.25 
4 8.50 
5 8.25 
6 7.75 
7 8.75 
8 8.50 
9 8.25 
10 7.75 
Mean 
Standard deviation (x) 
XIII 
Trial 
11 
12 
13 
14 
15 
16 
17 
18 
19 
8.03 
0.60 
Mea n Rating 
8.00 
9.00 
7.25 
8.75 
8.25 
8.25 
8.50 
7.75 
7.00 
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Polyethylene Homopolymer 
Characterisation 
Typical properties of A-C® polyethylenes 
I~ Meltler Drop Poir/J H(/rdm~ss (AS'IM D-3954) (ASIMD-5) ("C) (dmm) Grade . 
Homopolymers 
A-C®6A 106 4.0 
A-C®8A 113 1.0 
A-C® 16A ]02 5.5 
A-C®617.4 101 7.0 
Oxidized 
lfomopn/),me1"5 
A-C@629A 101 5.5 
A-C®660.4 108 1.5 
Highdemily 
Oxidized 
liomopo{Vnlers 
A-C'®307A 140·" <0.5 
.4-C®316.4 140 <0.5 
A-C®392 l38 <05 
copo{vmer 
Elhylerw· 
Hnylacerate 
A -(.'@ 400_4 92 9.5 
" 1ln}se produffs are also available in priUs .. 
"" Mea..'>ured at 150°(, 
.~ .4S1M D-3104 
TA>llsit)' Hscosi~~'·(PS 
(ASH! D-1505j (Rrookjield 
fg/cc) (@14O'O 
0.92 375 
0.93 400 
0.91 \2\ 
0.91 200 
0.93 200 
0.94 25() 
0.% >l\l\OO()" 
0.9S SS()O" 
O.<j-J 4;00" 
0.92 S?; 
Jfolecular -:~ 
u'eigbt 
(AfWrn, cpe) 
5500 
5800 
5900 
4300 
3400 
3400 
19600 
"900 
6!UO 
6500 
.fIdel Pbysical Pm1ic/a size diSfn"hIHioll. 
lllimher form 7)ptcal Sil!f!l' A'Ja~l~·L\·-.lle"b 
(mgKOJ-//g) (') (% Retaifled on.) 
lO 40 60 80 100 200 
Nil Powder 0.4 17.4 4.B 19.5 lOA 6.9 
Nil Powder " " " " 
, , 
Nil Powder , , " 
, , , 
Nil Powder " 
, 
" " 
, . 
15 PowJer 5,9 39.4 24.() 24,() 4.0 
16 Powder 
7 Powder 14.7 30.3 1\.1 16.·1 
16 Powder 14.2 29.7 16._1 18_0 
30 l)(lwder 7.1 46.0 25.8 8.5 45 5.9 
13 Powder 5.9 33.5 35.4 13.6 7.4 3-3 
~: The typical property datJ are average production values and can nor be considered as specifications. Product .~pe.cificaljons are availahle 011 request. 
M(IJifiauton of prop~rties to meet your individual needs is possible. Please contact us with your specific requirements. 
» 
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Appendix IV: Polyethylene Homopolymer Characterisation Product Specifications 
Table 13-2: Clariant product specifications 
'~;;I~1i'i/ """rrNf2}pr«fLtrfawri,; 
.. ilrid VMW, •. Dms.y .. t(rScos~'~",:;, " 
it!l1 frOIl/III 21T: (g/cm1] ImP",,, 
licc'VlJX£ M:ntan wax based - 82 -11 - U12 $' brig,t yc410w 
ester !A\!IX 
J 
iicowllXOP Ptlnialls sapmified. mOl1tan -100 -13 - H12 -ni' ydlo~;,j, 
Yml-htism esler wax 
I 
~2., 
• 
licolril WEt t,..b1tan wax I:ased - 92 -25 -101 -fli' yello,,;"" 
aster 'J:al 
I 
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Appendix IV: Polyethylene Homopolymer Wax Characterisation 
Differential Scanning Calorimetry 
Sample: AC8A 
Size: 4.0000 mg 
Comment: As supplied; open pan 
DSC 
11'.0S'C 
File: C: ... INv\Waxes\8a-1st heal 
Operator: Nail Varshney 
Run Date: 13-Nov-0310:09 
.3t--------:c:-------:T:------=-------:1 o 50 100 150 200 
Exo up 
Sample: AC6A 
Size: 3.8000 mg 
Comment: As supplied; open pan 
Temperature (QC) 
Figure 13-1: DSC thermogram of AC 8A 
DSC File: C: ... \NV\Waxes\6a-lst heat Operator: Neil Varshney 
Run Dale: 13-Nov-03 10:51 
1.0.-----------------------------, 
97.83'C 
95.96J/g 
0.5 I( ~ ( 
'\ 62.18"C r 0.0 • if 
ro 
• -0.5 J: 
-1.0 
tD3.63·e 
·,.5+--------,--------,---_---~------_1 
o 50 100 150 200 
Exo Up Temperature (QC) 
Figure 13-2: DSC thermogram of AC 6A 
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Sample: AC617A 
Size: 4.2000 mg 
Comment As supplied; open pan 
DSC File: C: ... IWaxes\617a-1st heal Operator: Neil Varshney 
Run Dale: 13-Nov-03 12:21 
O.4T----::=::::;:~=====::;;;;:;~=~r;;t============J 
I
( 90.66°C 
87.92Jlg 
02 
0.0 58.97·e 
[ -0.2 
• [f 
ro 
-0.4 
• r 
-0.6 
-0.8 
98.48"C 
-1.0+-------"T-------,-,---~---~--~---c1 
o 50 100 150 200 
Exo up Temperature (QC) 
Sample: AC16A 
Size: 4.8000 mg 
Comment: As supplied; open pan 
Figure 13-3: DSC thermogram of AC 617A 
DSC File: C: ... INVlWaxes\16a-1st heat Operator: Neil Varshney 
Run Date: 13-Nov-0311:37 
0.5,-----------------------------, 
If 
0.0 
-1.0 
61.1l°C 
94.0l·e 
9O.15J/g 
( 
99.5S·C -,.5t-------r--~---=Fc"_-----=-----__:J 
o 50 100 150 200 
ExoUp Temperature (QC) 
Figure 13-4: DSC thermogram of AC 16A 
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Sample: PE520 
Size: 4.5000 mg DSC File: C: ... \Waxes\pe520-1sl heat Operator: Neil Varshney 
Run Dale: 14-Nov-03 13:22 
Comment: As supplied; open pan 
O.-----------------------------------------------______ ~ 
100.2S'C 
-1 ~. ( [ 
• ff 
m 
• :I: 
-2 
1~8'C 
~+-------------c_-----------.~----~----~------------~ o 50 100 150 200 
ExO Up Temperature (QC) 
Sample: ACX 1536 
Size: 6.6000 mg 
0 
I~ 
c; 
-1 
~ 
• ff 
m 
• -2 :I: 
-3 
Figure 13-5: DSC thermogram of PE 520 
DSC 
llt.07·C 
120.9Jlg 
\ ( 
117.04'C 
File: C: ... \Waxes\1536-1st heat 
Operator: Nail Varshney 
Run Dale: 3-Nov-03 09:44 
4+-----__ ----~----__ ----~----------~----------~ 
o 50 100 150 200 
Exo up Temperature (QC) 
Figure 13-6: DSC thermogram of ACX 1536 
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Gel Permeation Chromatography 
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Figure 13- 7: GPC of ,he PE wlIxes 
Table 13-3: Polyethylelle homopolymer wax properties 
Molecular Weight Distribution 
Mw Mn PD 
AC 8 6345 2460 2.58 
AC 6 6310 2495 2.53 
AC 617 4940 1880 2.63 
AC 16 6855 2690 2.55 
PE 520 5525 1235 4.47 
ACX 1536 6435 2555 2.53 
xx 
5.5 
--AC SA 
--AC 6A 
--AC 16A 
AC El17A 
--PE 520 
ACX 1536 
GPC 
Appendix IV: Ox idised Polye thylene Homopolymer Charac teri sation 
Sample: AC 307A 
Size: 3.3000 mg 
Comment: Oxidised high density polyelhylene poWder 
DSC File: C:llaIDalaIOSC\307.001 Operator: Neil Varshney 
Run Date: 21·Apr.Q4 09:39 
-2~----------------------------------------------------~ 
[ 
• 0 
u: 
;;; 
• I 
-4 
-6 
-8 
-10 
-12 
-14 
131 .0S·C 
260.2Jlg 
\ ( 
135.99·C 
-16+-----_,-------.--~--__ ----_.------_.------__ ----_.--__ ~ 
40 60 80 100 120 140 160 180 200 
ExoUp Temperature (QC) 
Figure 13-8: DSC thermogram ofAC 307 
Sample: AC 316A 
Size: 3.8000 mg DSC File: C:lla\DalaIOSCI316.001 Operator: Neil Varshney 
Run Dale: 21-Apr.Q4 10:20 
Comment Oxidised high density polyethylene powder 
~ 
~ 
• 0 
u: 
;;; 
• I 
-2~----------------------------------------------, 
-4 
-8 
-8 
-10 
-12 
132.03·C 
246.7Jlg 
136.81 ·C 
( 
-1'±-----~----~-----c~----~----~----~~---,~----r---~ 20 40 ~ M 100 120 140 1~ _ _ 
Temperature (QC) 
Figure 13-9: DSC thermogram olAC 316 
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Sample: AC 395A 
SIze: 3 2000 mg 
Commenl· Oxidised high density polyethylene powder 
-2 
-4 
.. 
~ -B 
• g 
~ 
" 
-10 
• J: 
-12 
-14 
-16 
20 40 60 BO 
e.o Up 
DSC 
100 120 
File: C:llaIDalaIOSC\395 .001 
Operalor. Neil Varshney 
Run Dale · 21·Apr-04 11 ·00 
13UlO"C 
213.6.I1g 
'\ ( 
135.42"C 
140 160 lBO 
Figure 13- 10: DSC thermogram ojAC 395 
Sample: AC 680 
SIze: 3.8000 mg 
Comment: OxidIsed poIyethylene wax (pnll) 
DSC File: C:llaIOaIaIOSCI680.001 Operator Ne~ Varshney 
Run Dale: 21·Apr-04 11 :40 
200 
-3~----------------------------------------------~~--, 
____ ~,,~:---______________ -lfl00~'~~c~+_-----------------------128.2Jlg 
( 
-4 
~ -5 
• g 
~ 
" • .. J: 
-7 
110.S9"C 
Temperature (0C) 
Figure 13-1 I: DSC IlI ermogram alAC 680 
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Appendix V: Design or Experiments Plateout Trials Results 
Plateout Trials Results 
The maximum melt temperature va lues (as measured by DSC) and the d ie plateou! 
ratings were entered into the Edil Response .. . spreadsheet [Table 14- 1). 
TlIble J 4-J: PllIteouttrillls results 
DoE Temperature (0C) Speed Torque Output Rating Melt Temp" Plateout Trial Trial (' C) Zone 1 Zone 2 Die Screw (rpm) (%) (kgfhr) Gelation Screw Rating 
1 1 170 179 200 178 20 34 4.03 3.2 4.0 193 9.5 
19 2 163 180 200 177 20 34 4.07 2.7 2.5 194 10.0 
20 3 166 180 200 177 20 28 3.97 2.0 3.0 192 11.5 
21 4 162 180 200 177 20 36 3.93 3.3 2.7 194 11.0 
22 5 164 179 200 177 20 38 3.57 4.0 1.7 194 10.0 
23 6 163 180 200 176 20 30 3.97 1.5 1.8 191 8.0 
24 7 167 179 200 177 20 26 3.93 2.0 3.0 191 12.0 
25 8 164 180 140 177 20 27 4.03 2.0 3.5 191 11.0 
26 9 165 180 200 176 20 29 4.03 2.0 3.8 191 6.5 
27 10 164 180 200 176 20 30 4.03 2.3 3.0 193 11.0 
9 11 168 180 200 176 20 35 4.00 2.7 2.8 194 13.8 
28 12 161 180 200 177 20 37 4.00 3.2 2.3 192 11 .0 
29 13 167 180 200 177 20 29 3.90 1.8 2.5 192 10.0 
30 14 167 180 200 177 20 37 4.03 3.5 3.8 195 14.5 
31 15 170 179 200 152 20 38 3.90 2.0 2.0 195 14.5 
32 16 116 180 200 176 20 27 4.13 1.7 2.0 192 11.5 
33 17 167 180 200 177 20 26 4.13 2.0 2.8 191 15.5 
34 18 164 180 200 177 20 30 4.13 2.0 3.2 192 13.0 
35 19 167 179 200 176 20 33 4.03 2.8 3.7 190 10.0 
36 20 167 180 200 177 20 31 4.07 2.2 2.7 191 9.5 
37 21 165 180 200 175 20 35 3.97 2.0 3.0 193 10.0 
38 22 165 180 200 177 20 38 3.90 2.7 2.8 194 10.5 
39 23 166 180 200 177 20 31 3.97 2.2 3.0 195 14 .0 
40 24 168 180 200 177 20 36 3.90 2.5 3.7 194 12.0 
41 25 163 180 200 177 20 38 3.93 3.2 3.8 194 12.0 
42 26 167 180 200 177 20 29 3.97 1.8 1.7 193 12.0 
43 27 168 180 200 177 20 27 3.97 2.0 2.7 191 13.0 
44 28 167 180 140 177 20 30 4.07 2.0 2.8 192 11 .5 
45 29 170 180 200 176 20 28 4.03 1.5 4.2 191 10.5 
46 30 164 180 200 176 20 31 4.00 2.0 2.3 191 9.0 
7 31 165 180 200 175 20 35 3.97 2.0 3.0 193 10.0 
47 32 163 180 200 177 20 37 3.93 3.7 2.5 196 7.0 
48 33 167 180 200 176 20 29 3.93 2.5 2.7 192 10.0 
49 34 167 180 140 176 20 35 3.93 2.7 3.0 195 9.5 
50 35 116 180 200 167 20 36 3.93 3.8 3.5 194 11 .0 
51 36 163 180 200 177 20 27 3.97 2.2 1.8 193 9.5 
52 37 160 180 200 177 20 29 4.03 2.0 2.5 192 11.5 
53 38 163 180 140 175 20 27 4.10 2.5 3.0 193 11.5 
54 39 167 180 200 177 20 28 3.95 2.5 3.5 194 10.0 
55 40 167 179 200 178 20 30 3.97 2.0 1.8 192 11 .0 
* Melt temperature was measured by DSC 
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Plateo"t Trials 16 Decimal Coefficients 
Table 14-2: PIa/ev il/trials 16 decimal coefjiciell/s 
Term Melt Temp Plateout 
0 CONSTANT 193 .1 000437503645 10.5695 1596918652 
1 LCa -0.4361004426826713 3.19290953783692 1 
2 L28 0.5032224277537098 3.943843859781451 
3 Wax -5.51154641691837 1.541042596112371 
4 LCa'L28 0.2878552918881286 -269879469259171 7 
5 LCa' Wax -2. 104755133110425 -12.14625548657385 
6 L2WWax -4 .274541 567487037 -25.53608396962232 
7 Grade[PE520] -0 .8241924897578168 0.9379681419225419 
8 Grade[ACX1536] 0.3905905012682807 0.603 163576793727 1 
9 Grade[AC 16] 0.614959156191 11 83 -0.9594431723529555 
10 LCa'Grade[PE520] 1.490033900601 455 -00641 5964484017783 
11 LCa' Grade[ACX1536] 2.268600346570449 0.9467593362404574 
12 LCa'Grade[AC16] -2.766245480801896 0.519446245018498 
13 L2WGrade[PE520] 3.990384289951851 5.970780955300681 
14 L28'Grade[ACX1536] -4 .8628 13085973362 -3 .123272431645292 
15 L28'Grade[AC 16] 1.412267736140723 1.2356180 196401 
16 Wax'Grade[PE520] 1.261056955437421 0.5738193051982343 
17 Wax'Grade[ACX1536] -2 .36517 1587245036 0.3018087845415134 
18 Wax'Grade[AC16] 2.25591343728411 7 3.072478171373873 
19 LCa'L28'Grade[PE520] -11 .40513675899206 2.714985342250167 
20 LCa' L2WGrade[ACX 1536] -11 .4190827694946 7.700198072222467 
21 LCa'L28'Grade[AC16] 19.5751967511 6311 8.097867514363 138 
22 LCa'Wax'Grade[PE520] -13.76912467138938 4.143938338738435 
23 LCa'Wax'Grade[ACX 1536] -820826367543266 3.41321 4576525574 
24 LCa' Wax'Grade[AC16] 18.27557601026006 -6 .105431258290322 
25 L28'Wax'Grade[PE520] -20. 189853455541 91 -28.39664859736018 
26 L2WWax' Grade[ACX 1536] 7.965899962587935 3.342435294594914 
27 L2WWax'Grade[AC 16] 6.686604993 170656 9.711 357795169832 
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Appendix V: Design of Experiments Plateout Tri als Model Results 
Observed vs. Fitted Comparison 
Tabulated data for Figure 7- 1 and Figure 7-2 [Chapter 7]. 
Table 14-3: I"teraction mOl/et result.,-
Trial DoE Observed, Y Fitted, v Residual , e Trial Melt Temp' (OCl Plateout Melt Temp (C) Plateout Melt Temp (OCl Pla!eout 
1 1 192.85 9.5 193.25 10.1 -OAO -0 .61 
19 2 194.29 10.0 194.25 9.6 0.03 OA2 
20 3 191 .97 11.5 191.84 11.9 0.13 -0.39 
21 4 193.93 110 19407 11 .7 -0 .14 -0 .68 
22 5 193.81 10.0 193.68 9.6 0.13 OA3 
23 6 191A4 8.0 191 .54 8A -0 .10 -OA3 
24 7 190.84 12.0 190.85 11 A -0.01 0.58 
25 8 191.28 11.0 191 .37 11 .0 -0.09 0.01 
26 9 191.25 6.5 191 .24 6.7 0.01 -0.21 
27 10 193.32 11 .0 192.88 10.1 OA4 0.87 
9 11 193.64 13.8 192A9 11 A 1.14 2A3 
28 12 191 .82 11 .0 192.23 10.3 -0 .41 0.68 
29 13 191.82 10.0 191.78 12.3 0.04 -2.25 
30 14 19501 14.5 194.30 14.9 0.71 -DAD 
31 15 194.26 14.5 194.79 14.7 -0 .53 -0.19 
32 16 192.14 11 .5 191.68 11 .6 OA6 -0 .05 
33 17 191 .01 15.5 191 AD 14.0 -0.39 1.55 
34 18 192.04 13.0 191 .92 12.1 0.12 0.93 
35 19 190.00 10.0 189.86 10.6 0.14 -0 .58 
36 20 191 .00 9.5 192.30 11 .6 -1 .30 -2 .10 
37 21 193.34 10. 0 193.88 11 .1 -0.54 -1 .08 
38 22 193.97 10.5 194.00 9.8 -0 .03 069 
39 23 195.30 14.0 194.11 13.1 1.19 0.94 
40 24 194.38 12.0 193A6 11 A 0.91 059 
41 25 193.60 12.0 193.92 12.0 -0.32 -0 .04 
42 26 192.58 12.0 191 .91 11 A 0.67 0.58 
43 27 191 .39 13.0 192.50 13.7 -1 .12 -0.74 
44 28 191 .52 11 .5 191A3 11 .1 0.09 0.43 
45 29 190.60 10.5 190.24 10.3 0.36 0.19 
46 30 191A7 9.0 192.70 10.6 -1 .23 -1 .57 
7 31 193A7 10.0 193.88 9A -OA1 0.62 
47 32 196.17 7.0 195.33 7.6 0.83 -0.63 
48 33 191 .98 10.0 191 .85 10.5 0.13 -0.49 
49 34 195.11 9.5 194.85 9.9 0.26 -0 .39 
50 35 194.18 11 .0 194.18 11.0 0.00 0.04 
51 36 193.42 9.5 193.02 9.9 DAD -OA3 
52 37 191.66 11 .5 191 .77 11 .1 -0 .12 DAD 
53 38 193.05 11 .5 192.44 11 .9 0.61 -0.43 
54 39 194.34 10. 0 194.37 10.1 -0 .03 -0 .08 
55 40 192.3 1 11 .0 194.00 9.6 -1.69 1.40 
* Observed melt temperatures were measured by DSC 
( I 1.2) 
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A ppendix V: Design or Experiments Torque Rheomet ry Results 
Torque Rheometry Results 
Table 14-4: Torque rheometry results 
Observed, y 
DoE Fusion Fusion Fusion Stability Trial Trial CaSt, NLS Wax Grade Time Torque Temp Time (sec) (Nm) ("C) (sec) 
1 1 0.25 0.25 0.2 AC 8 108 23.9 192 1512 
19 2 0.05 0.25 0.1 AC 8 108 23 193 1368 
20 3 0.45 0.05 0.35 AC8 156 20.7 194 1440 
21 4 0.05 0.45 0.1 AC 8 112 22.3 194 1368 
22 5 0.45 0.45 0.1 AC 8 120 21 .8 192 1488 
23 6 0.05 0.05 0.5 AC8 180 20 194 1260 
24 7 0.45 0 .05 0.5 AC8 180 20.2 195 1716 
25 8 0.05 0.45 0.5 AC 8 168 19.3 195 1500 
26 9 0.45 0.45 0.5 AC8 156 20.8 194 1968 
27 10 0 0.3 0.3 AC8 168 21 .6 196 1248 
9 11 0.25 0.25 0.2 PE 520 132 21 .5 194 1380 
28 12 0.05 0.25 0.1 PE 520 120 23.8 191 1368 
29 13 0.45 0.05 0.35 PE 520 144 21.2 194 1596 
30 14 0.05 0.45 0.1 PE 520 120 22.3 193 1392 
31 15 0.45 0.45 0.1 PE 520 84 23.8 185 1512 
32 16 0.05 0.05 0.5 PE 520 156 20 .8 196 1128 
33 17 0.45 0.05 0.5 PE 520 156 20.2 194 1620 
34 18 0.05 0.45 0.5 PE 520 180 20.5 196 1512 
35 19 0.45 0.45 0.5 PE 520 168 18.5 195 20 16 
36 20 0 0.3 0.3 PE 520 142 21 .1 194 1284 
37 21 0.25 0.25 0.2 ACX 1536 120 22.1 190 1560 
38 22 0.05 0.25 0.1 ACX 1536 84 24.4 182 1356 
39 23 0.45 0.05 0.35 ACX 1536 168 21 .3 194 1620 
40 24 0.05 0.45 0.1 ACX 1536 84 22.4 186 1560 
41 25 0.45 0.45 0.1 ACX 1536 156 22.2 192 1956 
42 26 0.05 0.05 0 .5 ACX 1536 180 21 .3 191 1392 
43 27 0.45 0.05 0.5 ACX 1536 180 20.7 194 1836 
44 28 0.05 0.45 0.5 ACX 1536 228 20 194 1920 
45 29 0.45 0.45 0.5 ACX 1536 192 19.2 196 2076 
46 30 0 0.3 0.3 ACX 1536 144 21 .9 193 1332 
7 31 0.25 0.25 0.2 AC16 168 22.5 193 1596 
47 32 0.05 0.25 0.1 AC 16 132 24.8 191 1380 
48 33 0.45 0.05 0.35 AC16 144 21.2 192 1668 
49 34 0.05 0.45 0.1 AC16 144 23.1 193 1548 
50 35 0.45 0.45 0.1 AC 16 156 23.3 193 1800 
51 36 0.05 0.05 0.5 AC 16 168 21 192 1392 
52 37 0.45 0.05 0.5 AC16 180 20 192 1872 
53 38 0.05 0.45 0.5 AC 16 204 19.2 195 1752 
54 39 0.45 0.45 0.5 AC 16 204 19.3 194 2136 
55 40 0 0.3 0.3 AC 16 168 21 .7 194 1488 
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Torque Rheometry 16 Decimal Coefficients 
Table 14-5: Torque rheometry 16 decimal coefficients 
Term Fusion_Time Torque Fusion Temp Stab Time 
0 CONSTANT 141.75096255578 22.13469297616 192.15340354543 1530.46027844342 
1 CaSt 17.32693506610 -1.16003803089 0.62640048788 748.97075018081 
2 NLS 27.59307690475 -3.0856429 1286 2.04942164442 758.15017673907 
3 Wax 154.47648444131 -8.58141886286 9.24426232800 604.46947138518 
4 CaSt'NLS -84.95483 154477 5.33966901647 -12.98413635415 -152.82577190108 
5 CaSt"Wax -152.49722756554 0.40489885967 -4.602112 15025 1316.82600483 138 
6 NLS"Wax 48.09492124564 3.83817004 128 5.25998801804 363.96166564409 
7 Grade[PE520j -9.44470534543 -0. 15563739216 0.22395121801 -67. 19949588391 
8 Grade[ACX1536j 1.99185286178 0.00328020746 -1.74682722049 68.0123641 3809 
9 Grade[AC16j 16.411 13205800 0.22589781060 0.45374559669 77.86817255571 
10 CaSt'Grade[PE520j -53.10764623945 1.43494336573 -8.78214855608 -63.98408591979 
11 CaSt'Grade[ACX1536j 83.16773282075 -1.21479382419 12.37127845662 256.88993829866 
12 CaSt' Grade[AC16j -3.39460836747 -0.6351 1278462 -0.03175442184 38.61891909890 
13 NLS'Grade[PE520j -46.46565913654 1.54487394207 -7.17197070677 -271.43491077856 
14 NLS'Grade[ACX1536j 21.91112755789 -1.15089910822 3.81465007743 456. 13369923166 
15 NLS'Grade[AC16j 43.48370231542 -0.24431219321 3.23835161943 102.36767260722 
16 Wax ' Grade[PE520j -24.52599385577 0.08332633750 2.82070292027 -189. 10236942984 
17 Wax ' Grade[ACX1536j 49.06100253972 0.88579480293 6.65430331425 125.30666477661 
18 Wax'Grade[AC16j -33.26719159909 -1.64627872900 -6. 12067820640 103.64182356193 
19 CaSt' NLS' Grade[PE520j -25.23525297565 -7.283347 11 350 1.28330560007 59.96599048349 
20 CaSt' NLS' Grade[ACX 1536j -86.4695274 1084 -1.23709807918 -5.21126173038 -871.43818874317 
21 CaSt'NLS' Grade[AC16j 97.9203042754 1 4.61274876992 4.27998952155 -123.73399402487 
22 CaSt ' Wax'Grade[PE520j 254.85590428605 -13.53943143316 26.23692588711 1122.83037693157 
23 CaSt'Wax' Grade[ACX 1536j -436.66959082961 1.83170745315 -33.0398264664 1 -2094.66361958119 
24 CaSt'Wax'Grade[AC16j 108.3182665586 1 2.82733748360 -5.613547 19609 -275.23815900444 
25 NLS' Wax ' Grade[PE520j 201.98060584496 -7.42040663466 17.96161575966 1460.43510590227 
26 NLS' Wax'Grade[ACX 1536j 53.65893098825 -0.21705048290 -3. 19400043903 -1295.68356334879 
27 NLS' Wax' Grade[AC16j 8.10761 132794 -2.8973935 1483 -0.75697908818 -578.57160568446 
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Torque Rheometry Model Results and Resilluals 
Table 14-6: Torque rheometry illferactiol1 model results 
Fitted, y Residual, e 
Fusion Fusion Fusion Stability Fusion Fusion Fusion Stability 
Trial DoE Time Torque Temp Time Time Torque Temp Time Trial (sec) (Nm) (OC) (sec) (sec) (Nm) ("C) (sec) 
1 1 125 22.5 193 1424 -17 1.4 -1 88 
19 2 108 23.7 193 1341 0 -0.7 0 27 
20 3 151 21 .3 194 1522 5 -0 .6 0 -82 
21 4 119 22.2 194 1380 -7 0.1 0 -12 
22 5 114 22.1 192 1496 6 -0.3 0 -8 
23 6 186 20.1 194 1259 
-6 -0.1 0 1 
24 7 180 20.0 195 1660 0 0.2 0 56 
25 8 173 19.5 195 1463 
-5 -0.2 0 37 
26 9 156 20.8 194 1989 0 0.0 0 -21 
27 10 145 21 .5 194 1334 23 0.1 2 -86 
9 11 126 22.4 192 1442 6 -0.9 2 -62 
28 12 123 22.8 193 1337 
-3 1.0 -2 31 
29 13 143 21.4 193 1560 1 -0.2 1 36 
30 14 116 22.7 192 1383 4 -0.4 1 9 
31 15 87 23.4 186 1504 
-3 0.4 -1 8 
32 16 154 20.9 195 1116 2 -0.1 1 12 
33 17 158 19.8 195 1641 
-2 0.4 -1 -21 
34 18 180 20. 1 197 1500 0 0.4 -1 12 
35 19 167 18.7 195 2011 1 -0.2 0 5 
36 20 148 21.6 195 1312 
-6 -0.5 -1 -28 
37 21 134 22 .5 190 1562 -14 -0.4 0 -2 
38 22 75 23.8 184 1265 9 0.6 -2 92 
39 23 167 21 .6 193 1674 1 -0.3 1 -54 
40 24 89 22.7 186 1576 
-5 -0 .3 0 -16 
41 25 151 22 .0 192 1943 5 0.2 0 13 
42 26 182 21.4 192 1381 
-2 -0.1 -1 11 
43 27 177 20.4 195 1788 3 0.3 -1 48 
44 28 226 19.8 196 1856 2 0.3 -2 64 
45 29 193 19.4 196 2099 
-1 -0.2 0 -23 
46 30 141 22.1 189 1464 3 -0.2 4 -132 
7 31 152 22.9 192 1573 16 -0.4 1 23 
47 32 136 24.4 192 1376 
-4 0.4 -1 4 
48 33 156 21.3 192 1701 -12 -0 .1 0 -33 
49 34 148 23.3 193 1565 
-4 -0.2 0 -17 
50 35 157 23.1 193 1796 
-1 0.2 0 4 
51 36 171 21.0 192 1403 
-3 0.0 0 -11 
52 37 172 19.8 192 1845 9 0.2 0 27 
53 38 204 19.0 195 1748 0 0.2 0 4 
54 39 207 19.4 194 2145 -3 -0 .1 0 -9 
55 40 165 22.0 193 1480 3 -0.3 1 8 
( 11.3) 
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